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ABSTRACT 
 
 

For most of its history, the U.S. Environmental Protection Agency (U.S. EPA) has 
assessed risks based on individual contaminants and has often focused on one source, 
pathway or adverse effect.  But in reality, the public is exposed to multiple contaminants 
from a variety of sources, and tools are needed to understand the resulting combined 
risks.  In keeping with its continuing effort of developing science-based risk assessment, 
a major mission goal and challenge for the U.S. EPA has been underway for the 
development of cumulative risk assessment.  The Office of Pesticide Programs (OPP), 
U.S. EPA, took the lead and conducted cumulative risk assessment on 
organophosphorus (OP) pesticides under the Congressional mandate of the Food 
Quality Protection Act (FQPA), addressing only chemicals with the same 
mode/mechanism of action.  The present work is complementary to that of OPP.  This 
report develops a framework to guide decisions whether to incorporate physiologically-
based pharmacokinetic (PBPK) modeling into the cumulative risk assessment process.  
It is not restricted to FQPA applications and intends to guide the risk assessor through 
choosing to conduct and conducting a dosimetry based cumulative risk assessment, 
addressing the level of toxicant in the target tissue, rather than relying on exposure 
concentrations and the hazard index approach.  This report includes data and values for 
several compounds to demonstrate the proposed approach by means of example.  It is 
not intended to present an analysis of the internal exposures or risks from these 
mixtures.  Some of the example chemicals (trichloroethylene, tetrachloroethylene) are 
the subject of ongoing U.S. EPA risk assessments, and risk values for other chemicals 
are those developed by ATSDR, rather than by the U.S. EPA.  The main objectives are 
(1) to improve the science and risk assessment by moving the measure of dose from 
concentration in the environmental contact medium to inside the body (i.e., tissue dose 
rather than exposure dose); (2) to achieve this objective is via PBPK modeling; (3) to 
incorporate PBPK modeling into the cumulative risk assessment process and (4) to 
make the optimal use of in vitro techniques, including the use and application of human 
tissues.  The proposed approach retains the 10-step process developed by the OPP; 
these are: (1) Identify Common Mechanism Group (CMG); (2) Identify Potential 
Exposures; (3) Characterize and Select Common Mechanism Endpoint(s); (4) 
Determine The Need For a Dosimetry-Based Cumulative Risk Assessment; (5) 
Determine Candidate Cumulative Assessment Group (CAG); (6) Conduct Dose-
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Response Analyses and Determine Relative Potency and Points of Departure; (7) 
Develop Detailed Exposure Scenarios for All Routes and Durations; (8) Establish 
Exposure Input Parameters; (9) Conduct Final Cumulative Risk Assessment; and (10) 
Conduct Characterization of Cumulative Risk.  In the present effort, however, the first 
five steps were grouped under Phase I (Initial Analysis) and the next five steps were 
grouped under Phase II (Dosimetry-Based Cumulative Risk Assessment).  PBPK 
models are proposed to be developed for the components that are considered in 
Phase II, i.e., those that are in the CAG.  This approach stresses the importance of 
initial analysis to eliminate those situations that do not warrant a PBPK-based approach 
to cumulative risk assessment thereby reducing the unnecessary expenditure of 
resources.  The development of this framework/approach utilizes two model sets of 
chemical mixtures: Mixture 1 consists of 6 OP pesticides (methyl-parathion, parathion, 
chlorpyrifos, fenthion, diazinon, and fenitrothion) which share the same mode of action 
of inhibiting acetylcholinesterase (AChE); Mixture 2 consists of four chlorinated 
hydrocarbon solvents or volatile organic chemicals (trichloroethylene, 
tetrachloroethylene, 1,1,1-trichloroethane, and chloroform) which have different modes 
of action on a variety of toxic endpoints.  The wealth of information available for these 
chemicals was a prominent factor in their choice as two model chemical mixtures for 
this effort.  The advantages of utilizing PBPK modeling in cumulative risk assessment 
and the incorporation of credible human tissue studies in PBPK modeling, as well as the 
methodologies involving the incorporation of interactive PBPK models are discussed.  
The intent of this document is to serve as a logical framework upon which to integrate 
information to decide whether to embark on technical and resource-intensive PBPK 
approaches to cumulative risk assessment. 
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GLOSSARY 
 

Acceptable Level: A measure of the acceptable level of human exposures.  For 
cumulative risk assessment, reference values are typically used.  

Aggregate Exposure: The combined exposure of an individual (or defined population) 
to a specific agent or stressor via relevant routes, pathways, and sources. 

Aggregate Risk: The risk resulting from aggregate exposure to a single agent or 
stressor. 

Chemical Mixture: Any set of multiple chemical substances that may or may not be 
identifiable, regardless of their sources, that may jointly contribute to toxicity in the 
target population.  May also be referred to as a whole mixture” or as the “mixture of 
concern.” 

Components: Single chemicals that make up a chemical mixture that may be further 
classified as systemic toxicants, carcinogens, or both. 

Common Mechanisms Group: The group of chemicals under evaluation that induce a 
common effect via the same mechanism of toxicity.  The Initial Analysis begins with the 
identification of this group of chemicals.   

Critical Organ/Effect: The effect or the organ that responds first as dose increases.  
The dose-response for the critical organ serves as the basis for establishing reference 
values (e.g., RfD Values). 

Cumulative Assessment Group: The group of chemicals surviving the Initial Analysis, 
for which a dosimetry-based cumulative Risk Assessment will be conducted. 

Cumulative Risk: The combined risks from aggregate exposures to multiple agents or 
stressors. 

Cumulative Risk Assessment: An analysis, characterization and possible 
quantification of the combined risks to health or the environment from multiple agents or 
stressors. 

Dosimetry-Based Cumulative Risk Assessment: Cumulative risk assessment 
undertaken using tissue concentrations, or internal measures of exposure, rather than 
external measures of exposure. 

Hazard Quotient: The ratio of human exposure to reference values used to estimate 
the potential for non-cancer health effects.  HQ = E/AL, where E is exposure and AL is 
an acceptable level of exposure (e.g., RfD value). 

Hazard Index: The summed Hazard Quotient values for a given set of chemicals or 
responding tissues, depending on the analysis.   
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GLOSSARY cont. 
 
Index Chemical: The chemical selected as the basis for standardization of toxicity of 
components in a mixture.  The index chemical must have a clearly defined dose-
response relationship. 

Initial Analysis: The first 5 steps of the process of developing a dosimetry-based 
cumulative risk assessment.  This initiates with the identification of a common 
mechanism group and culminates with the analysis of pharmacokinetic data and a 
Hazard index analysis.   

Interactions: Interactions among mixture components are demonstrated by responses 
that, when measured, differ from those predicted by additivity.  Chemical interactions 
may occur due to commonalities in pharmacokinetic or pharmacodynamic processes.   

Pharmacokinetics: The (study of the) distribution of chemical dosimetry in the body.   

Pharmacodynamics: The process of developing a biological response to a chemical. 

Point of Departure: The dose-response point that marks the beginning of a low-dose 
extrapolation.  This point can be the lower bound on dose for an estimated incidence or 
a change in response level from a dose-response model (BMD), or a NOAEL or LOAEL 
for an observed incidence, or change in level of response.  

Target Organ: Any organ adversely affected by chemical exposures.   

Target Organ Toxicity Dose Approach: A cumulative risk approach quite similar to 
the Hazard Index Approach.  The TTD approach differs in that includes dose-response 
data to estimate AL in the E/AL format for all responding organs, not just the critical 
organ.   

Target Organ Toxicity Dose Values: Hazard quotient values developed for organs 
that are not the critical organ in the IRIS Assessment, or for which a reference value has 
not been formally established. 

Weight of Evidence: A qualitatively useful adjunct to the Hazard Index approach that 
incorporates information available in binary combinations of chemicals.  This approach 
is used to account for interactions among mixture components.   

Definitions obtained from U.S. EPA (2000a, 2003c) and Mumtaz and Durkin (1992).   
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1.  INTRODUCTION 
 
1.1. BACKGROUND 
 On July 3, 1997, the U.S. Environmental Protection Agency (U.S. EPA) 
Administrator, Carol M. Browner, and Deputy Administrator, Fred Hansen, jointly issued 
a memorandum entitled “Cumulative Risk Assessment Guidance - Phase I Planning 
and Scoping” to top U.S. EPA officials.  The content of this memo, quoted below, 
provided the essence of the reasoning for cumulative risk assessment. 
 

As you are aware, the processes that EPA and others follow to 
assess environmental risk are of great interest to environmental 
professionals and to the public, and growing attention is being given to the 
combined effects of multiple environmental stressors.  Consistent with 
this, EPA and others are asking more questions about the wider and more 
complex issues that define a cumulative approach to risk assessment. 
Today, we are providing guidance for all EPA offices on cumulative risk 
assessment.  This guidance directs each office to take into account 
cumulative risk issues in scoping and planning major risk assessments 
and to consider a broader scope that integrates multiple sources, effects, 
pathways, stressors and populations for cumulative risk analyses in all 
cases for which relevant data are available.  This assures a more 
consistent and scientifically complete Agency-wide approach to 
cumulative risk assessments in order to better protect public health and 
the environment. 

This approach provides a platform for significant advances in our 
scientific approach to assessing environmental risks.  For most of our 
history, EPA has assessed risks and made environmental protection 
decisions based on individual contaminants—such as lead, chlordane, 
and DDT—with risk assessments for these chemicals often focused on 
one source, pathway or adverse effect.  Today, better methods and data 
often allow us to describe and quantify the risks that Americans face from 
many sources of pollution, rather than by one pollutant at a time.  We are 
increasingly able to assess not simply whether a population is at risk, but 
how that risk presents itself.  In addition, we are better able in many cases 
to analyze risks by considering any unique impacts the risks may elicit due 
to the gender, ethnicity, geographic origin, or age of the affected 
populations.  Where data are available, therefore, we may be able to 
determine more precisely whether environmental threats pose a greater 
risk to women, children, the elderly, and other specific populations, and 
whether a cumulative exposure to many contaminants, in combination, 
poses a greater risk to the public. 

Of particular importance are the right-to-know implications of this 
guidance, which requires that we build opportunities for citizens and other 
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stakeholders to understand our ongoing risk assessments, and to provide 
us with their comments.  Our goal is to ensure that citizens and other 
stakeholders have an opportunity to help define the way in which an 
environmental or public health problem is assessed, to understand how 
the available data are used in the risk assessment, and to see how the 
data affect decisions about risk management. 

Some Regions and Programs within the Agency are already 
making significant efforts to use integrated or cumulative risk assessment 
techniques, and this guidance both reflects those practices and makes 
them consistent across the Agency.  The scope of integrated risk 
assessments often involves coordination across many program offices 
and statutory mandates for risk analysis; for example, those called for 
under the new safe drinking water and food safety laws.  Therefore, this 
guidance calls for ongoing communication among risk assessors, risk 
managers, economists, engineers, and other technical experts within the 
Agency. 

While we can more consistently take into account many new factors 
in this approach to risk assessment, many other potentially important 
factors are more difficult to include in our analyses, particularly the social, 
economic, behavioral or psychological factors that also may contribute to 
adverse health effects.  These include, among others, such factors as 
existing health conditions, anxiety, nutritional status, crime and 
congestion.  Assessment of these factors is often hampered by a lack of 
data to establish plausible cause-and-effect relationships; difficulties in 
measuring exposure, incidence and susceptibilities related to these risks; 
and few methods for assessing or managing these risks.  This guidance 
does not address these factors.  We expect, nonetheless, that this 
guidance will be updated as our understanding and experience develop; 
and, the Agency is focusing its research to improve our ability to 
incorporate these broader concerns into our cumulative risk assessments 
as new data and methods are brought forward. 

Please take the steps needed to ensure that all major risks 
assessments undertaken in your area embrace this cumulative approach, 
so that we can better advise all citizens about the environmental and 
public health risks they face, and improve our ability to protect the 
environment and public health for the nation. 

 
 During his tenure as U.S. EPA Science Advisor and Chair, Science Policy 
Council, Dr Paul Gilman underscored the importance of cumulative risk assessment to 
the U.S. EPA in the following memo entitled “Framework for Cumulative Risk 
Assessment” to senior managers at U.S. EPA. 
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I am very pleased to present EPA’s Framework for Cumulative Risk 
Assessment.  For most of our history, EPA assessed risks based on 
individual contaminants and often focused on one source, pathway or 
adverse effect.  But in reality, the public is exposed to multiple 
contaminants from a variety of sources, and tools are needed to 
understand the resulting combined risks.  The Framework represents an 
important milestone for EPA in expanding our focus from an individual 
chemical-based approach to a community or population-based approach 
for multiple stressors. 
 Development of the Framework is one of a series of Agency 
activities to better address combined risks from multiple stressors.  
Several EPA Programs and Regions have growing experience in 
conducting cumulative risk assessments, such as in evaluating cumulative 
risk for pesticides with a similar mode of action.  In addition, the EPA 
Science Policy Council (SPC) has sponsored several efforts designed to 
lead to Agency-wide guidance on planning and scoping for cumulative risk 
assessments.  As a next step, a technical panel of the Risk Assessment 
Forum has now completed the Framework, which builds on prior efforts by 
identifying the basic elements and definitions for cumulative risk 
assessment.  It also serves as the foundation for future efforts, such as 
evaluating past and emerging case studies in relation to the approach 
outlined in the document.  I offer my thanks to this cross Agency panel of 
experts for their efforts to further advance the thinking in this area. 
 Cumulative risk assessment is a major challenge for the Agency.  
This Framework moves us closer to achieving our goal of producing the 
most scientifically rigorous and realistic evaluation of cumulative risk that 
the state-of-the-science can accommodate.  The Administrator and I 
encourage Agency personnel to incorporate the thinking embodied in this 
document in the development of cumulative risk assessments that 
address risk management needs. 

 
1.2. STRATEGY: INCORPORATION OF PBPK MODELING AND HUMAN TISSUE 

STUDIES IN CUMULATIVE RISK ASSESSMENT  
 The present report follows the vision outlined in the above memos by proposing 
an approach which integrates Physiologically-Based Pharmacokinetic (PBPK) modeling, 
particularly the inclusion of credible human tissue studies, into the cumulative risk 
assessment of chemical mixtures.  There are several reasons for utilizing the PBPK 
modeling approach:  
 

1. As indicated in the above memos, U.S. EPA continues to improve its risk 
assessment process by incorporating the state-of-the-art science and 
technology.  PBPK modeling, though advancing continuously in the last 30 years 
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http://www.epa.gov/oscpmont/sap/2003/index.htm).  However, due to the lack of 
availability of a PBPK model for all but one chemical, a PBPK modeling approach 
was not taken in the final assessment (U.S. EPA, 2007a).  Many advantages, 
which coincide with what’s presented here, were noted in the “Consultation” 
above document (U.S. EPA, 2003a) and the subsequent FIFRA SAP meeting 
minutes (U.S. EPA, 2003b) for utilizing PBPK modeling in cumulative risk 
assessment.   

2. Multiple chemical exposure and interaction in our body is an extremely complex 
phenomenon.  PBPK modeling is a powerful tool to integrate the various routes 
and modes of exposure and potential biological interactions with multiple 
chemicals to help resolve the best target tissue dose metrics for risk assessment. 

3. PBPK models support hypothesis testing through experimentation of evaluation 
using in silico methods and serves as a platform upon which to integrate existing 
data, and extend the efficient use of the available data.  A well developed PBPK 
model is tested for accuracy in simulating existing study results, and if sufficiently 
able to do so, can be used to simulate other needed data to minimize animal 
usage that would otherwise be required for “unnecessary experiments”.  This is 
particularly relevant for the many animal toxicology experiments that would be 
required to evaluate multiple chemical interactions in a cumulative risk 
assessment. 

4. PBPK models can extrapolate dosimetry across dose level, route, species, age, 
or gender, and can characterize the uncertainty in simulation results (which are 
derived from the accuracy of the model in simulating existing data).  A PBPK 
model may even provide useful information for the dose-response relationship at 
low doses where experimental studies are impossible to conduct. 

5. PBPK modeling offers a reliable tool for use in exploring the relationship between 
external dose and tissue response in the growing area of systems biology.  

 
1.3. OBJECTIVES 

The main objectives/emphases are: (1) to improve the science and risk 
assessment by moving the measure of dose from concentration in the environmental 
contact medium to inside the body (i.e., tissue dosimetry rather than exposure dose); (2) 
to achieve the objective of tissue dosimetry determination via PBPK modeling; (3) to 
incorporate the best and most efficient scientific approach, PBPK modeling, into 
cumulative risk assessment; and (4) to make the best use of in vitro techniques, 
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including the use and application of human tissues.  The intent of this document is to 
serve as a logical framework upon which to integrate information to decide whether to 
embark on technical and resource-intensive PBPK approaches to cumulative risk 
assessment. 
 
1.4. TWO MODEL MIXTURES OF DRINKING WATER CONTAMINANTS 

It should be emphasized that this effort is for establishing a framework/approach 
for integrating PBPK modeling into the cumulative risk assessment process, not the 
actual conduct of cumulative risk assessment.  Indeed, two example component 
chemicals, trichloroethylene and tetrachloroethylene, are the subject of ongoing U.S. 
EPA risk assessments.  The actual conduct of a cumulative risk assessment is 
understandably much more resource-intensive.  As shown below, this report provides a 
description of a recommended approach for integrating PBPK modeling into cumulative 
risk assessment for two groups of drinking water contaminants.  The first group is a 
mixture of six organophosphorous (OP) insecticides (methyl-parathion, parathion, 
chlorpyrifos, fenthion, diazinon, and fenitrothion) which share the same mode of action 
of inhibiting acetylcholinesterase (AChE); the second group is a mixture of four 
chlorinated hydrocarbon solvents or volatile organic chemicals (trichloroethylene, 
tetrachloroethylene, 1,1,1-trichloroethane, and chloroform) which have different modes 
of action for a variety of toxic endpoints.  We understand that chlorpyrifos and diazinon 
household usage have been cancelled; however, all these OP pesticides can still be in 
drinking water and/or as food contaminants because of residues from earlier 
applications.  Furthermore, we use these two model mixtures as a test set for 
demonstrating the establishment of a framework/approach.  The risk assessment 
approach is basically similar to the 10-step approach recommended by the U.S. EPA for 
cumulative risks (U.S. EPA, 2002a,b). 
 
1.5. PHARMACOKINETICS vs. PHARMACODYNAMICS 
 Pharmacokinetics (PK) and pharmacodynamics (PD) are inseparable in the 
sense that they formulate a continuum of a toxicological process from exposure, to 
tissue dose metrics, to molecular interaction(s) and finally to toxic effect(s).  This 
document will address the grouping of chemicals according to similarities in 
pharmacokinetics, pharmacodynamics (mode/mechanism of action) and target organ.  
These are mutually separable groupings: chemicals may attack the same target organ 
through different modes of action and have markedly different pharmacokinetic profiles 
with different physiological and or biochemical functions determining the 
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pharmacokinetic profile.  Alternately, chemicals may share the same target organ, and 
may have similar pharmacokinetic profiles, but act on different cellular or organ function 
via different modes or mechanisms of action.  Presently, efforts are advancing to guide 
the assessment of chemicals grouped by mode or mechanism of action, and mature 
guidance exists for grouping chemicals according to common target organ (ATSDR, 
2004; U.S. EPA, 1989, 2000a).  Because of the rate at which pharmacokinetic analyses 
are becoming directly and quantitatively incorporated into risk assessments, it seemed 
valuable to develop a discourse on some considerations that should be undertaken prior 
to embarking on a complex and resource-intensive pharmacokinetic analysis to support 
a cumulative risk assessment.  For those reasons and because of the state of 
development of the area of PBPK modeling, we place more emphasis on PBPK 
modeling in this effort.  Thus, at the present time, we would like to focus on 
incorporating PBPK modeling into the cumulative risk assessment process first.  As the 
science advances and more relevant information becomes available, we will consider 
PBPD modeling in cumulative risk assessment as well. 
 Because cumulative risk assessment will impact upon our society at large, when 
this process is carried out, it should be transparent and inclusive of all stakeholders 
much the same way as Office of Pesticide Programs (OPP) did it for OP pesticides 
(U.S. EPA, 2002b, 2003c). 
 
1.6. INTERACTIONS: CUMULATIVE RISK AND PHARMACOKINETICS 
 The term “interaction” has different meanings regarding cumulative risk and 
pharmacokinetics.  In cumulative risk parlance, interaction describes the risk outcome 
(toxicity, organism response) when exposure to a chemical mixture results in a degree 
of response not predicted by additivity (e.g., antagonism, synergism, potentiation).  If 
the outcome is over or under-predicted by additivity, then the chemicals are said to have 
an “interaction.”  With respect to applying an increased understanding of tissue 
dosimetry in risk assessment, assessing interactions becomes problematic when the 
observed response is related to the external dose (mg/kg) and the observation (i.e., 
enzyme levels in blood indicative of heart damage) is made at the level of the intact 
organism.  The outcomes are influenced by absorption, distribution, metabolism and 
elimination processes (pharmacokinetics) on production/reduction of the toxic chemical 
species and its delivery to the target organ/tissue, as well as the inherent 
responsiveness of the tissue to the insult (toxicodynamics).   
 Later, this document will present a grouping of chemicals into a Common 
Mechanism Group, which is done so that a cumulative risk assessment can be 
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performed on that group.  Recently, the organophosphate insecticides have been 
grouped according to their common inhibition of acetylcholinesterase (AChE).  This is 
the key step in their toxic effect—for which the mode of action might be an accumulation 
of acetylcholine.  The distinction between mechanism of action and mode of action can 
be important and has been treated elsewhere:   
 

The U.S. EPA Guidance for Conducting Health Risk Assessment of 
Chemical Mixtures (U.S. EPA, 2000) defines mode of action (MoA) as a 
series of ‘key events’ and processes starting with interaction of an agent 
with a cell, and proceeding through operational and anatomical changes 
causing disease formation.  A ‘key event’, as defined in the 2005 U.S. 
EPA Guidelines for Carcinogen Risk Assessment (U.S. EPA, 2005), is an 
empirically observable precursor step that is itself a necessary element of 
the mode of action or is a biologically based marker for such an element.  
In contrast, mechanism of toxic action implies a more detailed 
understanding and description of events, often at the molecular and 
cellular level (U.S. EPA, 1999, 2003a).  The U.S. EPA 2005 and U.S. EPA 
2000 Guidelines both emphasize MoA over mechanism, indicating that 
MoA is a critical determinant for evaluation of risk posed by environmental 
hazards.  For well defined modes of action, mechanistic data may merely 
provide more detail in support of identified key events.  However, for less 
well defined toxic modes of action, mechanistic data may lead to 
identification of previously unknown obligatory steps in the causal pathway 
leading to toxicity (Lambert and Lipscomb, 2007).  

 
 What is most important is whether chemicals in a mixture can interact, altering 
the toxicity of the mixture.  Later, this section presents several examples of chemical 
interactions that would not have been anticipated based only on data describing either 
the mode of action or the mechanism of action.   
 From a pharmacokinetic standpoint, chemicals have the potential to interact in 
either passive (i.e., distribution phenomena; tissue partitioning) or active (i.e., energy-
requiring processes; active transport, metabolism) processes.  Available evidence 
indicates that chemicals partition into tissues independent of one another, when 
encountered at concentrations that do not disrupt tissue integrity.  However, it is widely 
accepted that chemicals (e.g., metabolic substrates) can, and do compete against one 
another for metabolism, and that the likelihood for this competition increases with 
increasing levels of exposure (dose).  When substrates are metabolized by the same 
enzyme, or require the same cofactor, interaction is possible.  This interaction may be 
based on a suicide inhibition of an enzyme (mechanism based inhibitors) or a simple 
competition for an enzyme (competitive inhibition).  Mechanism based inhibitors (suicide 
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substrates; this type inhibition is demonstrated as non-competitive) have effects that 
cannot be overcome by changing the ratio of substrates.  When these substrates are 
metabolized, an irreversible complex is formed between product (or intermediate) and 
enzyme, irreversibly binding the active site and inhibiting catalysis.  However, 
competitive inhibition is more common.  Even chemicals (competing substrates) that 
share the same enzyme may not demonstrate inhibition under some conditions (levels) 
of exposure.  Studies have demonstrated that there are thresholds of exposure, below 
which chemicals that do share a common enzyme do not interfere with the metabolism 
of one another.  In the case of chemicals thought to have a metabolic (competitive) 
interaction, the total exposure to the mixture, rather than the exposure to single 
components should be evaluated.  Dobrev et al. (2001) constructed an analysis to 
estimate interaction thresholds in the rat for three commonly found environmental 
contaminants, trichloroethylene (TCE), tetrachloroethylene (PERC) and 
1,1,1-trichloroethane (methyl chloroform; MC).  PBPK models were constructed for each 
chemical using published values for parameters, including Km values.  PBPK modeling 
of gas uptake data was applied, and interactions were characterized as concentrations 
of PERC and MC required to increase blood TCE concentrations by 10%.  These 
solvents were chosen because of their ubiquitous occurrence as environmental 
contaminants, as well as their dependence on cytochrome P450 (CYP)-mediated 
oxidation as a primary metabolic process.  Interaction models were constructed for 
competitive, non-competitive and uncompetitive inhibition.  Although all models fit the 
data to some extent, the similarity between model-predicted (optimized) values for the 
inhibition constant (Ki) and Km values indicated that the competitive model best fit the 
data.  This model was implemented to interpret gas uptake data for binary and ternary 
mixtures.  In the model, TCE exposure was maintained at the TLV of 50 ppm and 
interactions from binary and ternary exposures were examined.  Under binary 
exposures to TCE and either MC or PERC, the threshold for interaction was 175 ppm 
(MC) and there was no interaction when PERC exposure was at 25 ppm.  However, 
when the model simulated a ternary exposure to TCE (50 ppm), PERC (25 ppm) and 
MC, interaction was noted at MC concentrations of 130 ppm (compared to 175 ppm 
when encountered in a binary mixture).  These results demonstrate the value of PBPK 
modeling in refining the descriptions of toxicologically important (metabolic, 
toxicokinetic) interactions among components of environmentally-important mixtures. 

The above interaction is metabolic, or pharmacokinetic in nature.  When a 
mixture or cumulative exposure results in a response different from that predicted from 
additivity and there are no data on tissue dosimetry, it is not possible to determine 
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whether the interaction is based on toxicokinetic or toxicodynamic interactions, or both.  
From an “interactions” perspective, it is possible that pharmacokinetic interactions may 
explain chemical mixture (cumulative risk) interactions, that may not be “interactions” as 
defined by cumulative risk; such departures from additivity may only be departures 
when considered at the level of the external or applied dose, and may be strictly 
additive when “dose” is expressed as “dose metric”—the concentration of the 
toxicologically active chemical species in the target tissue.   

For example, consider two chemicals, A and B, that share a common metabolic 
pathway.  The response from chemical A is dependent on a metabolite, whereas the 
response from chemical B is mediated by the parent compound.  When the animal is 
concomitantly exposed to these chemicals at a level where metabolic interactions do 
occur—chemical A out-competes chemical B for metabolism; chemical A is metabolized 
to a greater extent than chemical B, the response from a mixtures exposure is much 
higher than the response predictions made on the assumption of additivity applied to 
single chemical toxicity results.  An explanation may include the metabolic interaction, 
and when the “dose” is expressed in terms of the biologically active dose (a metabolite 
of chemical A and the parent form of chemical B), the response may, indeed, be 
predicted by additivity.  Appreciating, developing and communicating the distinction, as 
well as its basis, will decrease the level of uncertainty associated with assessments of 
cumulative risk. 

Pharmacodynamics is concerned with the development of the response, 
ultimately at the level of the cell.  Processes that determine or modify delivery of the 
toxicologically active chemical species to the cell are addressed as pharmacokinetics.  
The biological response is ultimately mediated at the cellular level and key events may 
be identified, and sorted into those defining the mechanism of toxicity and those 
defining the mode of action.  However, when chemicals act on the same biological 
and/or biochemical cellular processes, a toxicodynamic interaction may occur, 
regardless whether the shared biological processes are involved in mode or mechanism 
of toxic action.  These are not trivial, and interactions may occur in biochemical 
pathways not directly involved in the critical toxic event for a chemical.  Piperonyl 
butoxide (PBO) is a synergist in some insecticides.  PBO is not especially toxic, and it 
inhibits enzymes that are important in detoxicating insecticides.  Under a single-
chemical exposure to PBO, inhibition of these enzymes is not especially important, 
though it does represent a toxicodynamic effect—it represents an adverse interaction of 
the toxic agent with a biomolecule.  However, when PBO is co-exposed with an 
insecticide, the result is rather marked potentiation of insecticidal activity.  The 
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interaction is toxicokinetic in this regard, because the potency (when measured as effect 
per applied dose) of the insecticide is increased.  However, if the measure of dose is 
expressed relative to the internal dose of the insecticide, the potency (expressed per 
mg/kg of internally circulating insecticide) is not altered.  An example of a strictly 
toxicodynamic interaction may occur when two chemicals share a common biological or 
biochemical event.  If both chemicals alter cellular communication resulting in an 
outgrowth of damaged cells, then this type of interaction is likely to demonstrate an 
effect characterized by additivity.  This is the type of interaction that is anticipated for 
mixtures of organophosphate insecticides.  However, if two chemicals act on different 
biochemical processes in the same response pathway, a response other than additive 
might occur.  Such would be the case if one chemical caused a decrease in the efficacy 
of DNA repair and/or a release of apoptotic control of cellular growth, and a second 
chemical caused damage to DNA.  Under the event of a co-exposure, then the net 
result might be the outgrowth of cells in which DNA damage was responsible for toxicity.  
The effect resulting from the DNA damage might be a further loss of control over cell 
growth leading to tumorigenesis, or may be manifest as the production of a protein 
whose function has been adversely affected, resulting in increased cellular toxicity.   

Whereas some of the above interactions results in potentiation or synergism, 
such is not always the case.  Mehendale and colleagues evaluated the interaction 
between thioacetamide and carbon tetrachloride (reviewed in Mehendale, 2005).  Both 
compounds are known to induce liver injury.  However, it was demonstrated that low 
doses of thioacetamide given in the hours before carbon tetrachloride administration 
actually protected against CCl4-induced hepatotoxicity.  Ultimately, the effect was 
demonstrated to reside in the rebound effect of cellular repair following thioacetamide 
exposure.  Here, the pre-exposure resulted in a stimulation of cellular repair processes; 
these processes were already active when CCl4 exposure and injury occurred.  The 
interaction was significant to the extent that thioacetamide exposure could spare 
animals from doses of CCl4 that would otherwise have been lethal (reviewed in 
Mehendale, 2005). 

The application of pharmacokinetic analyses to chemical interactions can 
suggest the basis for interactions (determine whether and to what extent departures of 
response from additivity can be attributed to pharmacokinetic interactions).  An example 
is provided by the joint exposure of kepone and carbon tetrachloride.  Mehendale and 
colleagues have demonstrated a significant interaction between these chemicals, 
resulting in an approximate 67-fold induction of CCl4-induced hepatotoxicity.  A PBPK 
model was developed to study the interactions between CCl4 and kepone in rats 

 10



(El-Masri et al., 1996a).  Previous experimental findings demonstrated that kepone 
co-exposure amplified the CCl4-induced lethality 67-fold.  In an additional study, CCl4 
was administered i.p. to rats fed a control diet or a diet containing Kepone.  Data 
describing the pathology and the exhalation of CCL4 (indicative of metabolism) were 
collected and a pharmacodynamic model was developed and incorporated that 
characterized the injury, repair and death sequence for cells and animals.  The results 
of this PBPK-PD model demonstrated an approximate 61 to 142-fold increase in CCl4 
lethality with kepone treatment.  However, when the results were adjusted for PK 
differences in CCl4 metabolism, the increase was approximately 4-fold.  These results 
suggest that the kepone-CCl4 interaction is primarily based on a TK interaction, but may 
also rely to some extend on a TD interaction.   

Another example of pharmacokinetic interactions altering response can be 
provided by the organophosphate insecticides.  While these compounds have been 
compiled into the same common mechanism group based on inhibition of AChE (the 
toxicodynamic determinant of CNS toxicity), a pharmacokinetic interaction among OPs 
may also influence response.  These compounds are degraded by carboxylesterase 
(CE) enzymes.  When exposure to OPs includes some compounds with relatively low 
toxic potency (e.g., fenitrothion) as well as more potent compounds (like parathion), the 
lower potency compounds may compete against the other compounds for detoxication 
via CE enzymes.  The net result can be that higher levels of internal dose per unit 
external dose are developed than would have been predicted on the basis of single 
chemical studies (see Chambers et al., 1991; Cohen, 1984).  In this example, 
interaction would occur at a level that may not have been predicted based on the results 
of toxicity studies.  In this regard, this case is similar to that demonstrated by piperonyl 
butoxide: metabolic interactions alter internal dosimetry and are responsible for toxic 
interactions. 

This example highlights another important consideration—that of timing.  Timing 
may relate to pharmacokinetics, where dose timing can be different when characterized 
at the level of the external (encountered) dose or the tissue dose.  For some chemicals, 
a prolonged tissue exposure can result from a brief environmental contact.  In those 
instances, toxicant concentrations in tissues can remain appreciable hours, days or 
even weeks after the cessation of external exposures.  Here, a joint exposure might 
occur, even if the person is not concomitantly “exposed” to multiple chemicals.  Another 
mechanism through which timing may be complicated is when the effects of an 
exposure persist following cessation of exposure and elimination of the compound from 
the body.  An example of such an effect is provided by the enzyme inducing ability of 

 11



some compounds.  Many compounds can and do induce hepatic cytochrome P450 
enzymes, and the previous administration of these compounds can modify the toxic (or 
therapeutic) response to subsequently-encountered xenobiotics via a modification of 
their internal dosimetry.  The metabolism of a compound may represent a bioactivation 
or a detoxication process, and so the effect of enzyme induction (or inhibition) on toxic 
outcome must be evaluated on a chemical by chemical basis.    
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2.  THE PROPOSED APPROACH 
 
2.1. OVERVIEW 

The existing U.S. EPA guidance for addressing the cumulative risk for pesticide 
mixtures acting through a common mode of action (U.S. EPA, 2002a)1 suggests a 
series of evaluations that first lead to the determination of the Cumulative Assessment 
Group.  The U.S. EPA’s Office of Pesticide Programs has undertaken cumulative risk 
assessments for four groups of compounds (organophosphates, N-methyl carbamates, 
triazines and chloroacetanilides), which are available at 
http://www.epa.gov/pesticides/cumulative/common_mech_groups.htm.  The reader of 
this report should not confuse the Cumulative Assessment Group (CAG) with the 
Common Mechanism Group (CMG).  A cumulative risk assessment can include 
chemicals for which the mechanism(s) of toxicity may be similar (common) or 
independent.  For the purpose of this document, the CAG is the group of chemicals that 
will undergo full risk analysis (the Dosimetry-Based Cumulative Risk Assessment; 
DBCRA) and may not include all chemicals originally considered.  For some chemicals, 
data on exposures and/or dose-response may be so limiting, or a comparison of 
anticipated exposures to risk levels may reveal such a gulf that these chemicals would 
be “de-selected” for inclusion in a DBCRA.  In some instances, this situation may be 
relevant to the entire mixture.  For those chemicals or mixtures, only the conduct of a 
screening level analysis may be warranted.  Therefore, steps prior to the determination 
of the CAG may be thought of as an “Initial Analysis” to determine whether the 
exposures to a chemical warrant the DBCRA.  DBCRA is an analysis that includes 
evaluation of and inclusion of tissue or organ-specific levels of active toxic agent.  
Tissue levels of toxicant are employed in the determination of toxicokinetic interactions, 
i.e., metabolic competition, and tissue levels of toxicant are employed in the prediction 
of toxic events (toxicodynamics).  In some cases, the Initial Analysis may be sufficient.  
For instance, the likelihood of a positive response predicted by additivity my not be of 
concern, and there may appear to be no reason to suspect an interaction (for example, 
if the Target Organ Toxicity Dose-based Hazard Index is appreciably below unity).  If 

                                                 
1 In 2002, the U.S. EPA, Office of Pesticide Programs (OPP) finalized guidance that would be relied upon 
to conduct a Congressionally-mandated assessment of the cumulative risks of organophosphate and 
other pesticides, including the risks to children.  The guidance specifically addressed the development of 
an FQPA Safety Factor for the mixture of pesticides.  The guidance document itself indicates that the 
intent of the document was not to serve as a guide for the conduct of all cumulative risk assessment 
approaches, within or without OPP.  Specific provisions were included so that risk assessors may choose 
to depart from specific guidance when data and circumstances warrant doing so.  This guidance has 
been subjected to Agency and Public review and is freely available on the World Wide Web. 
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there is insufficient evidence to further support a DBCRA, then the results of the Initial 
Analysis may be sufficient, and embarking on a DBCRA may not be deemed necessary.  
Alternately, the screening hazard index approach—that of assessing cumulative risks 
on the basis of external (instead of internal) concentrations/doses, may apply (U.S. 
EPA, 2000a).  Thus, the hazard analysis of chemicals in a mixture during the “Initial 
Analysis” requires not only a determination of the population risk presented by the 
chemical alone, but any additional risks that would occur due to interactions in the 
mixture.  The 10-step process communicated in this document (Figure 1) is divided into 
the two broad activities, Initial Assessment and the conduct of the Dosimetry-Based 
Cumulative Risk Assessment.  In this process, the CAG is determined in step 5; steps 
6-10 describe the specific activities that comprise the DBCRA. 
 A biologically based analysis of risks including evaluations of tissue dosimetry 
can be very resource-intensive and this is the main reason why the “Initial Analysis” is 
carried out to avoid investing resources into analyses that are not worthwhile.  Likewise, 
development of PBPK models, particularly interactive PBPK models (PBPK models 
capable of addressing mixtures of chemicals, where additive and non-additive 
interactions at the level of pharmacokinetics and/or pharmacodynamics can be 
addressed) for chemical mixtures, would require additional resources.  Thus, it is 
important to apply a screening method (initial analysis) to eliminate from further 
consideration and development of a DBCRA (a CRA whose exposure and dose 
response evaluations are based on tissue concentrations of toxicant, rather than on 
externally encountered concentrations/doses) those chemical mixtures anticipated not 
to cause significant cumulative risk and/or those mixtures for which the available data 
would not support a credible DBCRA.  Accordingly, we recommend that the cumulative 
risk assessment (here, for drinking water contaminants) be conducted in a two-phase 
framework (1) Phase I: Initial Analysis; and (2) Phase II: Dosimetry-Based Cumulative 
Risk Assessment.  PBPK models would be developed for the components that are 
considered in Phase II, i.e., those that are in the CAG.  This approach stresses the 
importance of the initial analysis to eliminate those situations that do not warrant a full-
scaled cumulative risk assessment thereby reducing the burden of the Public in 
conducting dosimetry-based cumulative risk assessment.   

The 10 steps described in the U.S. EPA guidance document on cumulative risk 
assessment (U.S. EPA, 2002a) from the Office of Pesticide Programs remained 
unchanged under our proposed two-phase approach because: (1) the steps have been 
established, reviewed, and appear useful as a starting point, (2) we would  
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FIGURE 1 
Data Evaluation for Dosimetry-Based Cumulative Risk Assessment 
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like to maintain consistency with the published U.S. EPA approach (U.S. EPA, 2002a); 
and (3) for any chemical mixture which is to undergo dosimetry-based cumulative risk 
assessment, it would have gone through the first five initial screening steps.  Our 
framework/approach simply organizes the 10 steps into two phases to underscore the 
rationale for introducing PBPK modeling at the 6th step. 

 
2.2. PHASE I: INITIAL ANALYSIS 
 In this phase, the principal purpose is to determine, from all available information 
on the chemical mixture and its exposure scenarios, whether a dosimetry-based 
cumulative risk assessment is warranted.  Central to this determination or decision are 
the answers to the following questions: 
 

• Is there the likelihood of toxicological interactions among the chemicals in the 
mixture?  At what concentration levels? 

• Are these toxicological interactions likely to cause higher toxicity (i.e., synergism 
or potentiation) or lower toxicity (i.e., antagonism) than the simple addition of the 
toxicity from all components of the mixture? 

• Under the exposure conditions and levels, are these toxicological interactions 
possible?  

 
2.2.1.  Step 1.  Identify Common Mechanism Group (CMG).  A cumulative risk 
assessment begins with the identification of a group of chemicals, a Common 
Mechanism Group (CMG), that induce a common toxic effect by the same mechanism 
of toxicity.  When chemicals are identified, data on their interactions should be sought.  
Two sources for such data are the general toxicological literature and the Interactions 
Profiles series developed by ATSDR (http://www.atsdr.cdc.gov/interactionprofiles/).  An 
approach developed to guide OPP through conducting a mandated cumulative risk 
assessment of organophosphate pesticides (U.S. EPA, 2002a) refers to the definition of 
mechanism of toxicity from the Food Quality Protection Act (FQPA): “the major steps 
leading to an adverse health effect following interaction of a pesticide with biological 
targets.”  However, this definition is somewhat ambiguous regarding whether the 
interactions between the chemical and the biological target are PK or PD in nature.  
Existing U.S. EPA guidance (U.S. EPA, 2002a) considers this issue in Step 3 of the 
CRA process.  However, if a chemical is not included in the CMG group because it does 
not share relevant elements of PD processes with other chemicals in the group, but the 
chemical in fact can interact with other chemicals in the group through PK processes, 
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an underestimation (or overestimation) of the actual cumulative risk may occur.  For 
example, suppose four chemicals (Chemicals A, B, C, Q) are being considered for 
inclusion in a CMG based on Effect X.  Chemical Q does not cause Effect X, but Q is an 
inhibitor of metabolism of Chemical A, and this inhibition causes an increase in the 
Effect X for the same exposure to Chemical A (see also Section 1.6).  If Chemical Q is 
omitted from the CMG due to lack of Effect X, the CRA will not properly characterize the 
cumulative risk for Chemicals A, B, C when Chemical Q is also present.  For this 
reason, all chemicals that share common types of PK or PD interactions with biological 
targets should be considered as members of the CMG.  This represents a specific 
extension of the process, as recommended by the available (OPP) guidance to address 
commonalities beyond those related to toxic manifestation: those pertaining to tissue 
doses of toxicologically active chemical species (metabolites).  While OPP’s guidance 
defines the CMG based only on toxicodynamic events in the mechanism of action itself, 
The CMG is here defined differently.  Our definition is broadened to include 
commonalities or interactions in toxicokinetics that may alter tissue dosimetry and 
modify the toxic response.  This has been done to optimize the application of PBPK 
modeling to assess cumulative risk.  

For this project, the first mixture consists of 6 OP pesticides: methyl-parathion, 
parathion, chlorpyrifos, fenthion, diazinon and fenitrothion.  For one effect of concern, 
neurotoxicity, the common mechanism of these pesticides is inhibition of AChE.  Thus, 
the mechanism of toxicity includes a common pharmacodynamic process.  However, 
many of these OP pesticides are also metabolized by common enzymes, primarily in 
the liver, including cytochrome P450s and esterases in various tissues.  Therefore, this 
CMG includes chemicals that have similar pharmacokinetics, pharmacodynamics and 
target organs.  During the CRA process for OP pesticides, the risk assessor will 
obviously also consider other toxicity endpoints, such as developmental neurotoxicity, 
before deciding which endpoint is most relevant.  For at least some of the OP pesticides 
being considered here, there is some evidence that exposures during pregnancy or 
during childhood development may be important, because development is occurring 
and chemical may be transferred from the mother (e.g., placental transfer or via breast 
milk), because the child may have increased sensitivity, or because the child may 
exhibit pharmacokinetic differences from adults that lead to greater toxicity (Chanda and 
Pope, 1996; Qiao et al., 2001).  Considerations of potentially susceptible 
subpopulations add to the complexity of PBPK modeling, when subpopulations exhibit 
anatomic, physiologic and biochemical differences compared to the general population.  
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The second mixture consists of four chlorinated hydrocarbons or volatile organic 
chemicals that are often present in drinking water as disinfection byproducts or 
groundwater contaminants: TCE, PERC, MC and chloroform (CHF).  The mechanisms 
of toxicity for these chemicals are somewhat different depending on the type of toxic 
endpoints.  For instance, at higher doses, particularly through inhalation exposure, all of 
these chemicals cause acute central nervous system (CNS) depression through the 
common mechanism of interference in ion channel function (Bruckner and Warren, 
2001).  In general, narcotic effects by solvents are caused by the following mechanisms: 
(1) membrane expansion and associated conformational changes of proteins (Shibata 
et al., 1991); (2) interaction with macromolecules (e.g., membrane lipids and proteins) 
and associated changes of membrane fluidity (Ueda and Kamaya, 1984) and (3) 
interaction with ligand gated ion channels (Franks and Lieb, 1994).  Specific 
mechanisms for such effects by the TCE, PERC, MC and CHF have not been revealed 
yet.  Since we are specifically interested in the exposure to contaminants found in 
drinking water, the likely exposure levels are low.  Thus, acute neurotoxicity is highly 
unlikely and does not need to be considered as an endpoint.  However, a hazard 
quotient for such an effect could be developed.  For volatile compounds, exposure 
should also consider volatilization and inhalation of compounds during water use. 

Long-term, low-level exposure to this mixture in drinking water is a highly likely 
scenario.  Therefore, in addition to other chronic effects, the possible carcinogenic 
potential of this mixture as a critical effect should also be considered.  In that sense, 
damage to cellular targets from reactive metabolites from this group of chemicals may 
be considered as a common mode of action.  However, the specific targets of PD 
mechanisms that are the critical determinants of toxicity at low dose may vary from one 
chemical to another in this group.  All of the four chemicals to be considered here share 
common elements of PK processes, namely shared metabolic pathways by CYP2E1, 
glutathione S-transferase (GST), and possibly other enzymes.  These enzymes detoxify 
some of the volatile organic chemicals and their metabolites, while bioactivating others.  
Based on the discussion above, all four chemicals should be considered to be part of 
the CMG based on the potential for PK and/or PD interactions. 

 
2.2.2.  Step 2.  Identify Potential Exposures.  For each CMG member, evaluate 
proposed and registered uses and use patterns to identify potential exposure pathways 
(i.e., food, drinking water, residential) and routes (oral, inhalation, dermal).  For this 
project, the primary exposure is through consumption of drinking water although the 
potential exists for inhalation and dermal exposure (i.e., during showers).  Additionally, 
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pesticide (and other chemical) exposures from food intake and dust or residue through 
home application remains a potential.  In this latter case, for instance, Whyatt et al. 
(2002) reported that, of the 72 pregnant women residing in northern Manhattan and 
South Bronx who underwent personal air monitoring for 48 hrs during their third 
trimester, all (100%) had detectable levels of three insecticides: chlorpyrifos, diazinon, 
and propoxur.  Fenske et al. (2002) reported that chlorpyrifos was measurable in the 
house dust of all homes they monitored in a central Washington State agricultural 
community; children in these homes had detectable urinary metabolite of chlorpyrifos.  
Here, if the DBCRA is to be conducted, the PBPK modeling has the advantage of being 
able to carry out computer simulations with a variety of exposure scenarios and 
assumptions with relative ease.  This translates external concentrations to internal 
(target tissue) doses, representing a valuable advance in dose-response evaluation for 
animal studies, for species extrapolation of dose-response, and for the purpose of 
providing a more useful characterization of human exposure.   
 In Step 2, members of the CMG should be assessed for the potential for 
significant and/or overlapping exposures.  Various sources of information on the range 
of levels of each chemical in public and private drinking water supplies should be 
consulted.  When analyzing these data, the risk assessor will confront one of the 
conundrums to be encountered in this CRA: data on contaminants are often expressed 
only as ranges observed, with no information indicating which co-occur and which do 
not.  A CRA can be based on these data, assuming that exposure to all of the chemicals 
coincide.  However, it is likely that there is some correlation between the exposure data, 
such that some exposures do not coincide.  Suppose that the concentration of Chemical 
A ranges from 0.01 to 1.2 mg/L in various drinking water supplies and that the 
concentration of Chemical B ranges from 0.005 to 1.3 mg/L, with no data available to 
demonstrate a correlation between the two.  Should a worst-case CRA be performed at 
the upper limit of exposure data, or at some confidence interval based on those data?  
Such an approach would likely overstate the cumulative risk if, as is likely the case, the 
geographical coincidence of maximal exposures is not complete.  An alternate approach 
would consider using a geographical scenario-based approach.  Such an approach 
could perform a CRA based on regional exposure data, such as was previously 
performed for OP pesticides (U.S. EPA, 2002b).  A further alternative could take a point 
sampling approach.  In this approach, specific risk assessment calculations could be 
performed based on exposure data at discrete locations or at discrete points in the 
concentration distributions (see US EPA, 2006).  Statistical analysis of the results could 
then be performed on the CRA output to determine the percentages (and locations) of 
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the population that are above various hazard indices.  This approach would involve an 
iterative approach; the information addressed in step 10 would communicate which 
subpopulations and to what extent their risk may be increased above a given hazard 
index.  We note that these latter approaches are more calculation-intensive, and the 
ability of the risk assessor to perform this more detailed analysis would depend on 
resources.  We also note that, to the extent that interactions between chemicals are 
found to occur, a non-PBPK modeling approach would have difficulty in accurately 
determining the cumulative risks.  This would be due, primarily, to a lack of mechanism 
to address the interactions of chemicals within the body, which may occur between the 
portal of entry and the target tissue.  However, once validated interaction-based PBPK 
models have been developed, it is a relatively simple matter to implement them for any 
number of exposure-concentration scenarios (including the point sampling approach); 
this could even be automated in such a way that a large exposure dataset could be 
evaluated.   
 The potential exposures to each component in the mixture under as many 
exposure scenarios as possible (primarily use of drinking water and showering) should 
be evaluated.  This analysis should include exposure information that may vary by 
season and geographic location.  A formalized approach, similar to the five-step 
process developed by ATSDR (2005) may be undertaken.  This systematic approach 
includes: (1) identification of contaminant source(s), (2) evaluation of environmental fate 
and transport, (3) identification of point or area of exposure, (4) identification of 
exposure route(s) and (5) characterization of the exposed population.   

 
2.2.3.  Step 3.  Characterize and Select Health Endpoint(s) for Evaluation.  For 
each CMG member, evaluate common health effects and affected tissues and affected 
organs attributable to the common mechanism of toxicity across all exposure routes and 
durations of interest, determine the time-frames of expression for the common toxicity, 
and evaluate the quality of the dose-response data for each CMG member.  
Recommend endpoints/species/sex that can serve as a uniform basis for determining 
relative potency.  In the case of the OP pesticide mixture, the most reasonable endpoint 
to use should be the inhibition of brain AChE (because they are neurotoxic through this 
mechanism).  This endpoint should be correlated with clinical signs which are usually 
available in the toxicology literature.  During this step, attention must be given to 
subpopulations or life stages that may be more susceptible to the common toxic effect 
and mechanism (here, inhibition of erythrocyte AChE activity).  For example, infants and 
children may not have fully developed metabolic pathways for detoxifying or 
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bioactivating chemicals in a common mechanism grouping (U.S. EPA, 2002a).  The 
importance of describing the potential increased sensitivity of infants and children is 
described in Executive Order 13045, and U.S. EPA’s guidance is provided in EPA’s 
Rule Writer’s Guide to Executive Order 13045: Guidance for Considering Risks to 
Children During the Establishment of Public Health-Based and Risk-Based Standards 
(U.S. EPA, 1998).   

The selection of endpoints requires a consideration, at least semi-quantitatively, 
of the time-course of biological effects so that overlapping pharmacokinetics can be 
considered.  Thus, it is necessary to consider “biologically effective dose.”  This would 
represent the concentration of toxicant in the target tissue; and in the case of the 
drinking water disinfection byproducts and contaminant mixture, could be taken as the 
area-under the concentration vs. time curve (AUC) of the reactive species or related 
dose metrics. 

Another issue to be determined is the choice of sex and age.  Traditionally, risk 
assessments and PBPK models are most commonly developed for adult male humans.  
This is probably because of the preference for performing initial studies in male rodents 
(because the male may be a simpler model from an endocrine standpoint).  However, 
U.S. EPA has been clear in its position that work should not stop with the male model 
and should be extended to females as well.  Thus, the logical process may be as 
follows: determine the sex for which the most data are available to support the DBCRA 
(PBPK models).  Initially develop PBPK models (and DBCRAs) for this sex.  This would 
likely be the male model.  Subsequently, extend this to female using as much female-
specific data as possible and extrapolating from pooled or male data as required.  
Discuss uncertainty in this context, i.e., there may be more certainty with the initial sex 
selected and more uncertainty with the latter sex.  Specific anatomic, physiologic and 
biochemical factors thought to differ among sexes should be identified.  These issues 
apply to both the PBPK modeling and the DBCRA itself. 

The same thoughts apply to the issue of age.  At this stage, the PBPK models 
and the DBCRA would probably be applied to adults, and possibly to children, although 
it would certainly be preferable if other age groups could be considered as well.  Again, 
both PBPK models and DBCRA analysis will probably be supported by more data for 
adults than for children.  Therefore, the models and DBCRAs should be initially 
conducted for adults and subsequently extended to children.  These issues (issues 
relating to potential differences in sensitivity among subpopulations) should be kept in 
consideration while determining the common mechanism endpoint. 
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2.2.4.  Step 4.  Determine the Need for a Dosimetry-Based Cumulative Risk 
Assessment.  The relationship between exposure and acceptable exposure limits 
should serve as the trigger in the decision whether to proceed with conducting a more 
technically based dosimetry-based cumulative risk assessment (DBCRA).  The 
guidelines established by the U.S. EPA (1986) describe a Hazard Index (HI) screening 
approach that represents the first step in this evaluation (U.S. EPA, 1989).  In that 
approach, the exposure (E) and the acceptable level (AL) are determined for routes of 
exposure and expressed in the same units.  That approach favors AL measurements 
(reference dose [RfD] and reference concentration [RfC] values) available on the U.S. 
EPA’s Integrated Risk Information System (IRIS).  However, in the absence of such 
values, other reliable values (e.g., ATSDR Minimal Risk Level values) may be relied 
upon, or values may be developed from original toxicity findings in the absence of more 
reliable information.  A Hazard Quotient (HQ; E/AL) is determined for each component 
of the mixture and a Hazard Index for the mixture is determined as the sum of the HQ 
values.  When a group of chemicals is targeted for a CRA, a HI should be developed for 
the entire group, and HI values should also be developed for each CMG, independently.  
A hypothetical example of a four chemical mixture (chloroform, trichloroethylene, 
1,1,1-trichloroethane and tetrachloroethylene) is presented below in Table 1.  The 
exposures are hypothetical, for demonstration purposes only. 

This is a conservative approach, based on the assumption of dose additivity for 
the mixtures components, and unconstrained in that the AL values are not segregated 
by target organ or tissue.  Although there is no “bright line,” as HI values increase above 
1.0, risk from the mixture is considered to increase.  Given the conservative nature of 
the screening approach, if the HI is less than 1.0, additional methods to calculate HI 
should be considered.  Subsequent to the development of this approach (U.S. EPA, 
1986), additional works have suggested the employment of a weight of evidence (WOE) 
determination to evaluate the potential for toxicological interactions2 (ATSDR, 2004; 
Mumtaz and Durkin, 1992; Mumtaz et al., 1998; U.S. EPA, 2000a); a WOE exercise is 
recommended by the U.S. EPA in its Supplementary Guidance for Conducting Health 
Risk Assessment of Chemical Mixtures (U.S. EPA, 2000a).  The WOE serves as the 
basis for the decision whether component chemicals interact to alter (increase or 
decrease) the toxicity of other components of the mixture.  When HI values are below 
1.0, the WOE will serve as the basis for further consideration of the mixture, when the 

                                                 
2 A Weight of Evidence Determination is a judgment reflecting the quality of the available information that 
categorizes the most plausible nature of any potential influence of one compound on the toxicity of 
another compound for a given exposure scenario (U.S. EPA, 2000a). 
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TABLE 1 
 

Screening Hazard Index Approach 
 

Chemical Exposure (mg/kg-d) RfD (mg/kg-d) Hazard 
Quotient 

Chloroform 0.0025 0.01 0.25 

Tetrachloroethylene 0.005 0.01 0.5 

Trichloroethylenea,b 0.0025 0.04 0.06 

1,1,1-Trichloroethaneb,c 0.05 0.5 0.1 

Hazard Index: 0.91 
a IRIS RfD values were not available.   
b RfD value was not available on IRIS; it was developed from a chronic no-observed-
adverse-effect level (NOAEL) value for renal effects (ATSDR, 1997a) and an 
uncertainty factor of 1000.   
c RfD value was not available on IRIS at the time of this report’s completion; it was 
developed from a chronic lowest-observed-adverse-effect level (LOAEL) value for body 
weight reduction (ATSDR, 1995) and an uncertainty factor of 1000.  
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HI value alone would suggest that further consideration is not warranted.  Thus, 
developing a weight of evidence increases the basis for decision making.  Some points 
that should be considered in developing the WOE include: 
 

• Information on the chemical mixture or combinations of components that can 
inform the magnitude and direction of toxicologic interactions,  

• Information on mode or mechanism of action of component chemicals, and 

• Information on mode or mechanism of action of related chemicals. 
 
While the U.S. EPA (2000a) has codified a technical approach to refining the HI 

by incorporating mathematical values for WOE and additional factors, incorporating 
such technical guidance here is beyond the scope of the intended exercise.   

When the HI for the mixture exceeds 1.0 or when the HI is considered in light of 
the WOE and cannot without uncertainty be reduced to a value below 1.0, then the 
mixture should be subjected to a more technical estimation of HI, based on the Target 
Organ Toxicity Dose (TTD) approach (ATSDR, 2004; Mumtaz et al., 1997; U.S. EPA, 
2000a).  In this approach, effect levels for multiple organs are compiled and combined 
with uncertainty factors to develop TTD values for each organ system affected whether 
the effect is the critical effect or a secondary effect.  These TTDs are analogous to RfD 
values.  HQ values are derived, but the AL values can be either TTD values or RfD 
values for the most sensitive tissue or organ.  HQ is determined as, E/TTD; HI values 
are developed for each organ, by summing the HQ values for each chemical, within the 
organ.  This approach is more technical in that it incorporates organ-specific measures 
of toxicity, expanding considerations of toxicity from only the critical target to additional 
target systems, and it ensures that major systems affected are taken into account.  In 
the tables that follow, chronic oral NOAEL values for effects were taken from ATSDR 
Toxicological Profiles for the four respective chemicals (notable exceptions are that the 
IRIS RfD values for chloroform and tetrachloroethylene, where liver was the critical 
target, were incorporated).  Information on chronic NOAEL values were duration-
adjusted (days/week) when necessary, and uncertainty factors (10, 100 or 1000) were 
employed to adjust for animal to human extrapolation, human interindividual variability 
and, in some cases, subchronic to chronic duration).  Tables 2, 3, 4 and 5 present the 
derivation of TTD values for chloroform, tetrachloroethylene, trichloroethylene and 
1,1,1-trichloroethane, respectively.  
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TABLE 2 

Derivation of TTD Values for Chloroform (ATSDR, 1997b) 

Target Resp CV GI Hemat Musc Liver Kidney Repro b.w. 

Species mouse dog rat human rat human human dog rat, dog 

NOAEL (mg/kg-d) 60 30 200 21 200 0.96 0.96 30 30 

NOAEL Adjusted 51.4 25.7 142 21 143 0.96 0.96 25.7 30 

Uncertainty Factors 100 100 100 10 100 10 10 100 100 

TTD (mg/kg-d) 0.51 0.26 1.4 2.1 1.4 0.10 0.10 0.26 0.30 

Resp = respiratory system 

 

 

CV = cardiovascular 
GI = gastrointestinal 
Hemat = hematological 
Musc = musculoskeletal 
Repro = reproductive system 
b.w. = body weight reduction 
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TABLE 3 

Derivation of TTD Values for Tetrachloroethylene (ATSDR, 1997c) 

Target Resp CV GI Hemat Musc Liver Kidney Repro b.w. 

Species rat rat rat human  rat mouse*  rat 

NOAEL (mg/kg-d) 941 941 941 NR NR 20 386 NR 941 

NOAEL Adjusted 672 672 672   14.3 275  672 

Uncertainty Factors 100 100 100   1000** 1000  100 

TTD (mg/kg-d) 6.7 6.7 6.7   0.01 0.28  6.7 

* LOAEL 
** IRIS UF = 1,000.  10 each for UFS , UFA , UFH 
NR = not reported 
Additional abbreviations are listed with Table 2. 
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TABLE 4 
 

Derivation of TTD Values for Trichloroethylene (ATSDR, 1997a) 
 

Target Resp CV GI Hemat Musc Liver Kidney Repro b.w. 

Species rat rat rat  rat rat rat rat rat 

NOAEL (mg/kg-d) 250 250 250 NR 250 250 50 NR 250 

NOAEL Adjusted 179 179 179  179 179 35.7  179 

Uncertainty 
Factors 

1000 1000 1000  1000 1000 1000 1000 1000 

TTD (mg/kg-d) 0.18 0.18 0.18  0.18 0.18 0.036 0 0.18 

NR = not reported  
Additional abbreviations are listed with Table 2.
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TABLE 5 
 

Derivation of TTD Values for 1,1,1-Trichloroethane (ATSDR, 1995) 
 

Target Resp CV GI Musc Liver b.w. Hemat Kidney Repro Immuno/ 
Lymphat 

Species rat rat rat rat rat rat rat rat rat rat 

NOAEL 1500 1500 1500 1500 1500 1500 1500 1500 750* 1500 

NOAEL 
Adjusted 

1071 1071 1071 1071 1071 1071 1071 1071 536 1071 

Uncertainty 
Factors 

100 100 1000 100 100 100 100 100 100 100 

TTD 10.7 10.7 10.7 10.7 10.7 10.7 10.7 10.7 0.54 10.7 

* LOAEL 
Additional abbreviations are listed with Table 2. 



 

Employing TTD values, rather than simply relying on RfD values gives a more 
complete treatment.  For example, liver was the critical target for chloroform and 
trichloroethylene, but kidney and body weight gain were the critical endpoints for 
trichloroethylene and 1,1,1-trichloroethane, respectively.  When the HI is calculated 
based on segregated values (i.e., the TTD approach), tissue dose-response information 
is more optimally employed.  While liver served as the RfD values for two of the four 
compounds, the HI value changed from 0.91 under the screening approach (Table 1) to 
0.77 for liver under the TTD approach (Table 6), reducing concern for toxicological 
interaction.  This change was due to liver not being the most sensitive target for 
trichloroethylene or 1,1,1-trichloroethane.  Further, the TTD based HI appears quite low 
for the other potentially affected organs/tissues, serving to focus attention on the liver as 
the site most likely affected.  Again, a weight of evidence should be developed, but 
specifically for liver effects, to further refine the decision whether to proceed to a full 
DBCRA for this mixture.  This should include the number and types of possible 
exposure scenarios in conjunction with the associated information on the concentration 
of contaminant in food and environmental media available.  The NOAEL and LOAEL 
values for the common health endpoints and target tissues should be compiled.  This 
evaluation may suggest that an initial analysis for the CMG will indicate that there is no 
risk concern for this group of chemicals and no further detailed assessment will be 
necessary.  The available information may also suggest that expending resources on a 
dosimetry-based cumulative risk assessment may not be warranted.   
 One possible scenario is that, for some or all of the component chemicals in the 
mixture of interest, there is insufficient data or a lack of data.  In this case, depending on 
the importance of the mixture of interest to public health, the U.S. EPA may decide: (1) 
there are insufficient data to conduct a cumulative risk assessment, and the component 
chemicals in the mixture would be assessed by single chemical risk assessment 
methods; or (2) new research initiatives are to be launched to fill the data gaps for the 
specific purpose of conducting dosimetry-based cumulative risk assessment for the 
mixture of interest. 
 A thorough evaluation of the toxicological literature for each chemical in the CMG 
must be performed.  This may be performed in general accordance with risk 
assessment guidance for single chemicals because interactions between chemicals are 
considered separately.  The type and quality of toxicological data should be assessed.  
Moreover, the data must be evaluated in relation to the species, gender and age of the 
animal as surrogates for humans.  Ultimately, studies must be identified in which data 
describing doses and quantified responses are presented in sufficient detail to serve as 

 29



 

 
30 

 

TABLE 6 
  

Target Organ Toxicity Doses, Hazard Quotients and Hazard Indices 
  

  Exposure 
Effect 

Resp CV GI Hemat Musc Liver Kidney Repro b.w. 

Chloroform  0.0025                   

  TTD   0.51 0.26 1.4 2.1 1.4 0.01* 0.096 0.26 0.3 

Hazard Quotient   0.0049 0.0097 0.0018 0.0012 0.0018 0.25 0.026 0.0097 0.0083 

Tetrachloroethylene  0.005                   

  TTD   6.7 6.7 6.7   0 0.01* 0.28   6.7 

Hazard Quotient   0.00074 0.00074 0.00074     0.5 0.018   0.00074 

Trichloroethylene 0.0025                   

  TTD   0.18 0.18 0.18   0.18 0.18 0.04   0.18 

Hazard Quotient   0.014 0.014 0.014   0.014 0.014 0.063   0.014 

1,1,1-Trichloroethane 0.050                   

  TTD   11 11 11 11 11 11 11 11 0.54 

Hazard Quotient   0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.093 

Hazard Index 0.021 0.0059 0.020 0.77 0.11 0.014 0.12 0.029 0.024   

* Liver is the critical organ for chloroform and for tetrachloroethylene.  RfD values were taken from IRIS (U.S. EPA, 2007b).  All other chronic TTD 
values (NOAEL values) were taken from ATSDR toxicological profiles for the respective chemicals. 
 

 



 

the basis for the dose-response relationship.  If the PBPK modeling approach will 
ultimately be used, PK or PD studies will have to be identified that provide information 
on the dose-response of the animal where the response is expressed relative to 
appropriate markers of exposure.  These types of data can be then transformed to 
determine the appropriate NOAEL or benchmark dose (BMD) for each chemical.   

For the two mixtures considered in this project, as an illustration below, the three 
questions are answered and related discussions are provided.   

 
• Is there the likelihood of toxicological interactions among the chemicals in the 

mixture?  At what concentration levels? 
 
As shown in Figures 2 and 3, respectively for the metabolic pathways of OP 

compounds (Mixture 1) and the drinking water disinfection byproducts and contaminants 
(Mixture 2), there are several possible pharmacokinetic interactions.  All OP compounds 
share virtually the same metabolic pathways involving: (1) cytochrome P450 mediated 
oxidative desulfuration, dearylation, or dealkylation; (2) calcium-dependent hydrolysis of 
phosphoester bond; and (3) GST conjugation reactions.  Similarly, there are interwoven 
metabolic pathways in the biotransformation of TCE, PERC, MC and CHF (see 
Figure 3).  At the pharmacodynamic level, various oxon derivatives would certainly 
compete for the inhibition of brain AChE; thus, toxicological interactions are highly likely.  
Cancer and noncancer effects have been observed following exposure to the 
component chemicals of Mixture 2.  During the CRA screening process, both cancer 
and noncancer effects, including reproductive effects, should be reviewed for potential 
(non-additive) interaction and significance.  Three (TCE, PERC, CHF) of the four 
chemicals are thought to be carcinogenic at some doses; there is limited evidence that 
MC could be carcinogenic at this time.  Thus, if cancer is the endpoint and MC is 
regarded as non-carcinogenic, the other three chemicals will be contributors to the 
overall risk, but the potential for MC to affect the carcinogenic potency of the other 
chemicals through PK interaction needs to be evaluated.  The appropriate dose metrics 
for cancer risk assessment for TCE, PERC and CHF are not clearly established, but 
generally involve metabolites such as trichloroacetic acid or phosgene.  There is limited 
information regarding potential pharmacodynamic interactions between these chemicals 
that can be addressed within a CRA.  On the other hand, there have been several 
studies of pharmacokinetic interactions that will be useful (Dobrev et al., 2001, 2002; 
Haddad et al., 2000; Thrall and Poet, 2000).  Indeed, for some of the mixtures of these 
four chemicals, PBPK interaction models exist (see below).  A more likely scenario 
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FIGURE 2 
A Generalized Metabolic Schematic for OP Pesticides.  Step 1 is activation and all other 
steps are detoxication.  Pharmacokinetic interactions are most likely during Step 1.  
Interactions in other steps can be evaluated using PBPK models.  Pharmacodynamic 
interactions may also occur during binding of the active moiety to AChE (Step 2). 
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FIGURE 3 
Metabolic Pathway for Solvents Indicating Potential Sites for Interactions.  This is 
superimposed on a metabolic schematic for TCE (Dobrev et al., 2001), metabolic steps 
where pharmacokinetic interactions could occur are denoted by numbers as shown.  
Identification of additional potential interactions should occur during CRA Steps 3 and 6. 
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would be that some of the components could be excluded from the DBCRA (not from 
the cumulative risk assessment; for these chemicals, only a screening level assessment 
may be justified).  It is important to avoid the expenditure of extensive resources to 
develop PBPK models for all components, only to find that the models indicate that a 
given component could have been omitted from the analysis based on a careful 
evaluation of data presented in the Initial Analysis. 

As suggested by Figure 3, there are several common metabolic processes that 
overlap for TCE, PERC, MC and CHF.  All are initially oxidized by Cytochrome P450, 
mostly by CYP2E1.  Several studies have shown competitive inhibition at this step 
(Koizumi et al., 1982; Dobrev et al., 2001).  Other steps are common to two or more of 
the chemicals, including metabolism by GST and β-lyase family enzymes.  Potential 
interactions at these stages should be considered. 

These interactions are likely to happen in vivo at the tissue levels of 
approximately nmolar to μmolar range which generally correspond to a mmole/kg 
administered dosing range (i.e., see Dobrev et al., 2002). 
 At this point, we believe that it is appropriate to address the toxicological 
interaction issue using a specific example reported in the earlier attempt of cumulative 
risk assessment of OP pesticides.  In the Guidance on Cumulative Risk Assessment of 
Pesticide Chemicals That Have a Common Mechanism of Toxicity (U.S. EPA, 2002a), it 
was assumed that at lower levels of exposure typically encountered environmentally, no 
chemical interactions are expected (i.e., simple dose/concentration additivity would 
apply).  For additivity to hold true, a further assumption must be that all the common 
mechanism chemicals exhibit similar pharmacokinetic and pharmacodynamic 
characteristics (i.e., distribute to the same target tissue and have similar elimination 
half-lives; exert toxicity via similar biochemical mechanisms, without specific regard to 
which organ is the critical target).  In reality though, a case study of cumulative risk 
assessment of 33 organophosphorus pesticides provided BMDL (lower bound 
benchmark dose at ED10) with a range of 3977-fold (female) to 5528-fold (male) 
difference between the highest BMDL (for malathion) to the lowest BMDL for 
(dicrotophos) (U.S. EPA, 2002b; Table I.B.-4).  These 3-4 order of magnitude 
differences among “common mechanism chemicals” suggest that the PK and PD may 
each be quantitatively different.  For example, if each compound is active through its 
oxon form, and each has a similar potency, then one may expect a 3-4 order of 
magnitude difference in PK, which seems unlikely.  If the PK of these two compounds 
are similar, then potency would have to differ some 3-4 orders of magnitude.  Inasmuch 
as neither potency nor PK may be envisioned to differ to that degree between these 
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chemicals, it seems logical to assume that both PK and PD differ between these 
chemicals.  Differences in the extent of tissue exposure to toxicologically active 
chemical moieties with markedly difference potencies can be anticipated.  These 
toxicological interactions are discussed a bit further in a hypothetical example in the 
following paragraph.  Thus, the probability of toxicological interactions at the level of PK 
and PD exists. 
 

• Are these toxicological interactions likely to cause higher toxicity (i.e., synergism 
or potentiation) or lower toxicity (i.e., antagonism or inhibition) than the simple 
addition of the toxicity (dose addition or response addition) from all components 
of the mixture? 
 
With the OP-pesticide mixture, synergism/potentiation or antagonism/inhibition 

are likely depending on the rates of pharmacokinetic or pharmacodynamic interactions.  
For instance, all six OP compounds are phosphorothioates (i.e., P=S compounds); they 
require activation to their respective oxon (i.e., P=O) compounds to become potent 
AChE inhibitors.  This requires oxidative desulfuration mediated by cytochrome P450.  
Depending on the substrates (e.g., the parent OP insecticides) that can compete among 
themselves for P450-mediated oxidation (bioactivation) and the involvement of other 
metabolic processes (e.g., competing enzymes that may conjugate the parent chemical 
with glutathione, a detoxication reaction), more or less potent oxon compounds may 
emerge (the oxon of one insecticide may be more potent than the oxon of another 
pesticide in the mixture) as the predominant (most prevalent) metabolite.  If available, 
information on this competition between parent chemicals for oxidation and competition 
between different enzymes for bioactivation/detoxication will determine if 
synergism/potentiation or antagonism may result.   

In addition to compound differences in activation and detoxication, differences in 
the biological fate of the inhibition complex (Oxon-AChE) exist.  Regardless of the OP 
examined, once the oxon form becomes bound to the AChE enzyme, that enzyme 
molecule is no longer capable of metabolizing acetylcholine.  Once bound, other events 
occur, leading to either destabilization and ultimate dissociation of the inhibitory 
complex or stabilization and aging of the inhibitory complex.  Each of the OP 
compounds identified is an effective inhibitor, but they differ in the half-life of the 
inhibitory complex with some dissociating within hours whereas others may take days.  
Once bound, the inhibitory complex may “age,” and become permanent.  Once aging 
occurs, the enzyme cannot be reactivated and AChE activity can only be restored with 
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the generation of new enzyme.  Each of these OP compounds have different inhibition 
half lives and they differ in the extent to which they age, particularly so for dimethyl 
versus diethyl substituted compounds.  When encountered in a mixture, compounds 
which bind readily, but which have a short inhibition half-life and relatively reduced 
potential to age, may actually be protective against AChE inhibition produced by other 
OP compounds. 

Similarly, depending on the competitive inhibition of cytochrome P450 2E1 in the 
initial metabolism of TCE by the other chlorinated hydrocarbon solvents/volatile 
organics, the GST conjugation pathway may be favored (Dobrev et al., 2002); this 
would lead to more production of reactive thiols for possible renal carcinogenesis—an 
example of interactive toxicity. 

One of the greatest challenges in dealing empirically with chemical mixture 
toxicology is the exponential rise of experimental groups as the number of component 
chemicals and doses increase.  Frequently, systematic experimental studies of 
chemical mixtures become untenable because of the limitation of resources.  Here, the 
possible application of reaction network modeling3 (Klein et al., 2002; Liao et al., 2002; 
Reisfeld and Yang, 2004; Yang et al., 2004a,b) can offer a workable solution to the 
complexity of chemical mixture toxicology, particularly relating to metabolism. 

 
• Under the exposure conditions and levels, are these toxicological interactions 

possible?  

In the cases of pesticide applicators, total exposure comprises both occupational 
exposures and additional exposures from drinking water, foods and household residues.  
For these individuals, total exposures may approximate the range where toxicological 
interactions are possible (for Mixture 1).  Similarly, occupational exposures in chemical 
industry or manufacturing plants where TCE, PERC, MC and CHF are used, plus 
additional exposures from drinking water, foods, showers, etc. could also render the 
cumulative exposure concentrations to where toxicological interactions are likely.   

 
2.2.5.  Step 5.  Identify Chemicals in the Candidate Cumulative Assessment Group 
(CAG) for Further Evaluation.  Select chemicals, chemical uses, routes and pathways 

                                                 
3 Reaction Network Modeling: A chemical/petroleum engineering computer simulation technology to 
model the entire oil refinery based on initial chemical analyses of the feedstocks, as well as using graph 
theory, linear free energy relationship (LFER), computational quantum chemical calculations, quantitative 
structural activity correlation, Monte Carlo and quardrature modeling techniques.  It is capable of 
simulating the fate of thousands of chemicals and tens of thousands of reactions simultaneously and 
predicting the outcomes of these chemical reactions. 
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from the CMG that have an exposure and hazard potential to result in cumulative effects 
(joint toxicity) for inclusion in the quantitative estimates of cumulative risk.   

This determination flows from the information acquired during Steps 1-4 and 
compiled in Step 4.  For the purpose of an illustration for the present project, we will 
assume that all the component chemicals in the respective Mixtures 1 and 2 are the 
respective CAGs.  In the event that (1) exposures are sufficiently small or (2) exposure 
or toxicity data are too limited to support including a chemical in the CAG, it will be 
omitted at this stage.  Once again, depending on the importance of the mixture of 
interest to public health, this (the omission) may not be acceptable.  In that case, there 
are two alternatives: (1) There are insufficient data to conduct cumulative risk 
assessment and the component chemicals in the mixture should revert back to the 
traditional single chemical risk assessment; or (2) New research initiatives are to be 
launched to fill the data gaps for the specific purpose of conducting dosimetry-based 
cumulative risk assessment for the mixture of interest. 

 
2.3. PHASE II: DOSIMETRY-BASED CUMULATIVE RISK ASSESSMENT  
 For those chemical mixtures selected to undergo DBCRA, the following 
additional five steps should be carried out.  It is proposed that starting from Step 6 (i.e., 
the first step in Phase II), PBPK modeling should be incorporated.  Common belief is 
that PBPK modeling is resource-intensive and it is difficult, particularly for models 
involving chemical interactions at the level of either pharmacokinetics or 
pharmacodynamics.  This warrants some special discussion: First, all of the component 
chemicals in the mixtures used as examples in this document are industrially or 
environmentally important chemicals with uses and/or exposures of concern.  When 
many chemicals reach this stage of commercialization, a substantial number of studies 
may have been conducted on them.  Those chemicals have already become resource-
intensive during the developmental stage to become successful chemicals in 
commerce.  However, this is not the case for all commercially important chemicals.  The 
important point is that quantitative, time-course data useful for PBPK model 
development may have already been generated during the product developmental 
phase.  If the incentive (i.e., risk assessment-driven scientific studies) exists, such 
quantitative, time-course data would be generated during the product developmental 
phase automatically.  In fact, PBPK modeling, being a hypothesis-testing tool in 
toxicology, may be utilized to conduct many different kinds of experiments on computers 
(i.e., in silico toxicology).  Development of in silico toxicology such as PBPK modeling 
and other biologically based computer modeling will improve the “attrition rate” of drug 
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or chemical product development.  Thus, it may save precious resources by avoiding 
unnecessary experimental studies or minimizing animal experimentation.  Second, while 
PBPK modeling is by no means a very easy technology, it is not any more difficult than 
some of the statistical modeling (e.g., linearized multistage carcinogenesis model) 
carried out in the routine risk assessment process.  Furthermore, excellent training 
opportunities are available and the development of software is such that more and more 
user-friendly tools are going to be available. 

The advantages of incorporating PBPK modeling in CRA are many: First, PBPK 
modeling may bring the tissue dose, instead of the applied dose, into dose-response 
assessment.  Thus, it is much more accurate in that pharmacokinetics has been 
employed to refine “exposure” in terms of tissue doses, reducing uncertainty.  Second, 
PBPK modeling has the capability of incorporating toxicological interactions of multiple 
chemicals, representing a valuable feature for CRA.  Third, PBPK modeling has the 
capability of extrapolation, be it dose-, species-, route-, age-, gender-dependent 
extrapolations.  In many cases, such extrapolation may reach the region (e.g., very low 
doses) where experimental studies are impossible to conduct.  Finally, PBPK modeling, 
in conjunction with Monte Carlo simulation, may estimate the true means (i.e., of tissue 
AUC values) by carrying out numerous repeated exposure simulations via computer-
based programs.  However, confidence in mean values will be tempered by the degree 
to which the distributions of the variable input parameters (i.e., chemical specific values 
such as partition coefficients and species specific values such as organ blood flows) are 
characterized. 

 
2.3.1. Step 6.  Characterize Dose-Response, Point of Departure and Determine 
Relative Potency from Tissue Doses.  The risk assessor should select and apply an 
appropriate method to characterize the dose-response relationship for effects and 
determine the relative toxic potencies of the CAG chemicals by each exposure route and 
duration of interest.  Subsequently, the point(s) of departure for extrapolating the risk of 
the CAG should be chosen.  As indicated in the guidance document (U.S. EPA, 2002a), 
the preferred point of departure is one derived from modeling the dose-response curve of 
the index chemical to derive a BMD that estimates a pre-specified level of response 
(e.g., BMD10, BMD5 or BMD1).  The utility of PBPK modeling in the dose-response 
analyses is to provide tissue dose metrics such that in the BMD estimation, the tissue 
doses rather than the applied doses will be used in the Benchmark Dose Software 
(BMDS).  Obviously, this requires identification of the target tissue.  If a PBPK model 
capable of addressing chemical interactions (be they additive or not) cannot be 
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constructed because of data gaps, PBPK models for individual chemicals (e.g., the OP 
pesticides) should be constructed to determine tissue dose metrics (e.g., concentration 
of active metabolite in brain tissue) based on PBPK modeling of given applied doses.  
That is, given the exposure level (applied doses), what would be level of the dose metric 
in the affected tissue (e.g., brain) relative to the level of inhibition of brain AChE (e.g., a 
10% reduction in AChE activity) and the related clinical signs?  Pharmacokinetic models 
can simulate concentrations of toxicants in tissues for which biological monitoring cannot 
be conducted in humans and for which concentration data may not be available in test 
animals.  Certainty in PBPK-based risk assessments is increased when there are tissue 
toxicant concentration data against which to compare PBPK model predictions.  The 
availability of tissue toxicant concentration data for comparison should be considered 
when choosing a pharmacokinetic outcome (tissue concentration, dose metric) for risk 
assessment application.  Of course, preferably, an interactive PBPK model is available at 
this point such that pharmacokinetic and pharmacodynamic interactions may be taken 
into consideration and “interaction thresholds” (El-Masri et al., 1996b; Dobrev et al., 
2001, 2002) may be estimated to obtain interactive NOAELs, LOAELs (which may be 
designated as NOAELInt and LOAELInt) and higher dose-response levels.   

When dose additivity is selected as the cumulative risk assessment model and 
once the models have been constructed, the index chemical should be selected and the 
potencies of other chemicals in the CMG should be determined based on dose 
response relationships characterized at the level of the dose metric most associated 
with the response.  This might, for example, be the level of the dose metric 
corresponding to the animal ED10.  Specifically, the dose-response relationships should 
be developed on the basis of internal, rather than external dose.  In this manner, 
pharmacokinetic interactions that alter the dose metrics of interest can be made 
valuable in estimating the response from the mixture.   

 
2.3.1.1.  Recommendations on Modeling ― The U.S. EPA guidance document 

included an informative discussion on “Modeling the Data” (Section 6.2.1.6, U.S. EPA, 
2002a).  Although it is not necessarily for PBPK modeling, the discussion is relevant to 
the present effort.  Some passages are quoted below and the CRA risk assessors using 
PBPK modeling should abide by these recommendations as much as possible: 

 
…The selection of a mathematical model structure to fit the data being 
analyzed should be guided by the biology of the common mechanism of 
toxicity, the toxicokinetics of the chemicals, and the observed shapes of 
their dose-response curves and the experimental designs used to 
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generate the data.  If available, pharmacodynamic and pharmacokinetic 
data should be considered in order to account for tissue concentrations 
and to aid in defining dose-response relationships across different 
species, routes and time-frames of exposure… 
…Although it is not possible to recommend the use of specific models, a 
few points that should be considered in modeling the data follow: 
 

• Modeling of individual animal data is desirable; however, if this is 
not practical, then use of summary data such as means and 
standard deviations can be alternatives 

• Care should be taken with modeling high-dose data (particularly 
extreme doses) because the model shape in the low-dose region 
can be influenced by high-dose data 

• Log transformation of data should be justified because such a 
transformation may distort the dose-response curve 

• Data variability should be described by appropriate statistical 
techniques and reflected in the potency estimate (e.g., by weighting 
the data in the fitting procedure) 

• Confidence intervals or limits should be included in the analysis 
because they can be valuable for evaluating the influence of 
variability on the potency estimates 

• An estimate for the uncertainty of the model used in the analysis 
should be included 

• The statistical fitting method used must be clearly described. 
 
2.3.1.2.  Interactive PBPK Model: General Information ― As this is the first 

step of the dosimetry-based cumulative risk assessment process and the step where 
PBPK modeling initiates, it is appropriate to discuss the issues related to the 
incorporation of PBPK modeling.  In addition to the discussion below, a recent paper on 
PBPK/PD modeling is attached as Appendix A.  

From the perspective of interactive PBPK modeling, two aspects need to be 
addressed: pharmacokinetic interactions and pharmacodynamic interactions.  As 
indicated earlier under Step 4, pharmacokinetic and pharmacodynamic interactions are 
likely in both Mixtures 1 and 2.  Thus, it is necessary to construct interactive PBPK 
models after a thorough review of the existing literature.  The most ideal and 
scientifically defensible data requirement for establishing an interactive PBPK model is 
that each component chemical in the mixture already has its respectively established 
PBPK model and that there are many pharmacokinetic datasets in laboratory animals 
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as well as in humans available for each of these component chemicals.  In some cases, 
even more specific and stringent data requirements are needed; an example may be 
the ultralow dose pharmacokinetic data in perinatal developmental stages of laboratory 
animals for extrapolation to human fetuses, neonates and infants using PBPK modeling.  
However, until such time that quantitative time-course data useful for PBPK modeling 
are automatically part of the product developmental process, the most likely scenario is 
imperfect datasets.  In Mixture 1, no PBPK models for fenthion, fenitrothion, diazinon, 
and methyl parathion could be located at this time.  However, PBPK models do exist for 
parathion (Sultatos, 1990; Gearhart et al., 1994; Abbas and Hayton, 1997; Gentry et al., 
2002) and chlorpyrifos (Timchalk et al., 2002a,b; Kousba et al., 2003).  In Mixture 2, 
because all the chemicals are important solvents with huge production volumes, PBPK 
models are available for TCE, PERC, MC and CHF.  TCE has obtained perhaps the 
most attention of these chlorinated hydrocarbons/volatile organics in terms of the 
development of PBPK models, many of which have also been used to support risk 
assessment (Sato et al., 1977, 1991; Bogen, 1988; Koizumi, 1989; Fisher, 1993; Fisher 
and Allen, 1993; Fisher et al., 1989, 1990, 1991; Allen and Fisher, 1993; Clewell et al., 
1995; Cronin et al., 1995; Poet et al., 2000; Dobrev et al., 2001, 2002).  Several PBPK 
models for the disposition of tetrachloroethylene were presented for animals and/or 
humans (Ward et al., 1988; Koizumi, 1989; Bois et al., 1990; Gearhart et al., 1993; Rao 
and Brown, 1993; Byczkowski et al., 1994; Dallas et al., 1994, 1995; Wilson and Knack, 
1994; Byczkowski and Fisher, 1995; Reitz et al., 1996; Loizou, 2001; Poet et al., 2002).4  
PBPK models for MC alone or for mixtures of MC and TCE or other chlorinated solvents 
have been published (Reitz et al., 1988; Koizumi, 1989; Tardif and Charest-Tardif, 
1999; Dobrev et al., 2001).  Several PBPK models that included progressively more 
sophisticated levels of biochemical complexity (e.g., relating to metabolite formation, 
cellular regeneration, enzyme inhibition) have been developed for chloroform (Corley et 
al., 1990, 2000; Gearhart et al., 1993; Chinery and Gleason, 1993; McKone, 1993; Roy 
et al., 1996; Levesque et al., 2000). 
 

2.3.1.3.  PBPK/PD Models: Data Needs ― What are the specific data needed 
for building PBPK models?  And what happens when such data are missing because no  

                                                 
4 PBPK models developed for a single chemical may differ for many reasons, including the species 
addressed, route of exposure simulated, effect evaluated, choice for dose metric developed, differential 
reliance on in vivo datasets and/or in vitro datasets, choices for the values of physiological and chemical-
specific parameter values employed, etc. 
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PBPK modeling has been attempted on some of the components in the mixtures of 
interest?  First, the data necessary for establishing a PBPK model for a single chemical 
will be presented.  Obviously, well conducted in vivo pharmacokinetic experiments are 
essential and usually the more varied the datasets (e.g., different doses, routes, 
species), the better.  Other PBPK modeling-specific information such as the chemical-
specific parameters (e.g., tissue partition coefficients, Vmaxs and Kms) is needed.  
Enzyme kinetic data, particularly human data, of the bioactivation (e.g., P=S to P=O 
conversion) and detoxication (e.g., oxidative cleavage, hydrolysis, oxidative 
dealkylation, etc.) processes will be important for the interactive PBPK model.  In vitro 
determination of tissue partition coefficients and enzyme kinetic data are relatively 
straightforward.  A later section is devoted totally to high quality organ donor liver 
enzyme studies.  Alternatively, with modern genetic engineering technologies, many 
human enzymes are available commercially, though their expression, singly, in non-
mammalian species may complicate the extrapolation of results obtained from such 
preparations.  For instance, several recombinant human CYP enzymes are now 
commercially available, including CYP 1A1, CYP 1A2, CYP 2B6, CYP 2C8, CYP 2C9, 
CYP 2C18, CYP 2C19, CYP 2D6, CYP 3A4, CYP 3A5, and CYP 3A7 (e.g., from 
GenTest [Woburn, MA], Cypex Ltd. [Dundee, Scotland], and Sigma-Aldrich [St. Louis, 
MO]).  Thus, heretofore unavailable human enzyme kinetic information for many of the 
environmentally important chemicals is within easy reach for many laboratories.  These 
experiments should be performed. 

Pharmacodynamically, for instance, once the oxon (i.e., P=O) derivatives are 
formed, a number of questions arise: What is the competition between the irreversible 
binding of the oxon derivative with red cell AChE, non-specific esterases, and brain 
AChE for any given single pesticide?  The same question, although much more 
complex, should be asked about the mixture of 6 oxon derivatives.  Here the ultra-low 
dose pharmacokinetic/pharmacodynamic studies in the binding of brain AChE with any 
given OP pesticide in the presence of others similar to those reported by Vogel et al. 
(2002) will be critical for the interactive PBPD modeling in the cumulative risk 
assessment.  Both chemical specific and species specific data are required.  Chemical 
specific data include metabolic rate constants and measures of solubility (e.g., partition 
coefficients).  Species specific data include information on body weight, organ or 
compartment sizes, region/organ blood flow rates and media specific intake rates (i.e., 
alveolar ventilation rates).  Body weight and relative contributions of specific organs 
(i.e., liver) to fractional body mass are fairly constant; they are usually modeled as point 
values.  Regional or organ specific blood flows may vary, obviously with exercise; 
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recent evidence suggests that hepatic blood flow may vary three-fold at rest among 
adults.  Virtually all species specific data may vary, to some extent, among individuals 
and with age, as may metabolic rate constants.  Chemical-specific partition coefficients 
may vary approximately two-fold among individuals, and metabolic parameter values 
may vary markedly, depending on the chemical and enzyme involved.    

 
2.3.1.4.  PBPK/PD Modeling: Model Structures ― While the structure of the 

PBPK/PD model will have to be determined in detail based on the analysis conducted in 
Steps 1-5, a general suggestion on what the model might contain can be provided at 
this time.  Figure 4 presents a graphical representation of the PBPK model that could be 
initially considered.  The model consists of several familiar compartments.  The 
CNS/PNS (central nervous system/peripheral nervous system) compartment should be 
added and indeed, can be split into two compartments if kinetic processes are 
significantly different in the two and if endpoints or validation datasets suggest doing so.  
The liver compartment is where metabolism is usually regarded as occurring, but 
extrahepatic metabolism should also be considered.  For the drinking water scenario (or 
other ingestion scenarios) chemical exposure of the liver should be primarily via the 
portal flow from the GI compartment in addition to systemic flow.  Portal blood flow may 
play a less prominent role (compared to arterial flow) for substances encountered via 
inhalation.  Usually, the chemical is dosed directly to the GI compartment and first order 
uptake is often assumed, but more complex formulations can be used if modeling 
parsimony is not overly compromised.   

In the diagram, the liver compartment includes a schematic of simplified 
metabolic pathways.  For metabolism, parsimony is important: only include discrete 
pathways if the data will support developing kinetic parameter estimates.  The overall 
metabolism can be simplified in a number of ways: sequential metabolic steps can be 
modeled as one step that represents the rate-limiting step in the sequence.  Parallel 
pathways can be lumped together.  Insignificant pathways can be ignored.  The extent 
to which a given pathway may be deemed insignificant should be judged on the basis of 
all information known for each component of the chemical mixture; a pathway deemed 
minor or insignificant for one chemical may be critical for another.  Because the same 
model structure should be employed for each chemical (within reason) and for the 
mixture, the selection of pathways for inclusion should not be taken lightly.  Some 
pathways can be multiple steps (e.g., oxidative desulfuration and hydrolysis) while 
others can be single staged (e.g., clearance pathways to non-toxic non-interacting 
metabolites).  The importance of parsimony is emphasized by the limited amount of 
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FIGURE 4 

A Preliminary PBPK Model Structure for OPs 
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data (particularly in vivo) and the difficulty of extrapolating in vitro kinetic constants to in 
vivo or determining the constants from model optimization.  Automated model 
optimization of parameters should be minimized because, for the single chemical 
models, each pathway can require 2 metabolic constants, there can be 2, 3, 4… 
different metabolic steps, some of these steps could actually inhibit each other if the 
same enzymes are used at high enough doses, and inhibition would require additional 
parameters.  So for metabolism alone, it would be easy to get over 10 unknown 
parameters, which would be difficult to optimize with any certainty.  This is before 
consideration of inter-component PK interactions, which require yet more optimization.  
However, more than one metabolic step will nevertheless be required.   

In the schematic (Figure 4), lung and skin compartments are dotted boxes to 
represent the fact that they may or may not be required for the drinking water 
assessment.  If dermal exposure to drinking water sources does not contribute 
significantly (a judgment call) to the aggregate exposures, the dermal compartment may 
be unnecessary for the initial model, but may be desirable for future modeling work 
(especially for occupational exposure PBPK models).  Depending on the chemical and 
its volatile properties, only occupational exposure models may require the inhalation 
route of exposure.  As with the discussion of age and gender, the model is usually built 
for the route where the most complete datasets are available and then extended to 
other routes.  However, for this study, the ingestion route should be given decided 
preference unless data are severely lacking.  If inhalation models are developed, 
attention must be paid to the form of the chemical (i.e., aerosols) and non-equilibrium 
processes in uptake kinetics. 

The CNS/PNS compartment will need to include a submodel for binding to AChE.  
A simple conceptualization of this is proposed in Figure 5.  As OP binding is considered 
largely irreversible and causes complete inhibition of the enzyme (individual enzymes 
that are bound), the degree of inhibition would reflect the number of bound enzymes.  
However, the activity of AChE is not necessarily proportional to unbound (free) enzyme; 
there may be a “reserve capacity” in that not all enzyme is required to clear 
acetylcholine in synapses.  Thus, the response may be a non-linear function of the 
molecular events.  PD models will be a useful way to describe these processes once 
developed. 

The PD submodel should include a description of the process of synthesis of 
AChE, an on-going process.  The kinetics of this process may be zero order (as is often 
assumed for glutathione synthesis (D’Souza and Andersen, 1988), or could be 
inducible.  Binding of free AChE by activated OPs may be a saturable process 
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FIGURE 5 

A Pharmacodynamic Submodel for CNS/PNS Compartment 
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describable by a Bmax or Hill’s equation [Bmax + S/(S+Kd)] with or without inhibition by 
competing OPs.  However, since it is usually regarded as irreversible, a linear equation 
may do equally well and will involve fewer parameters.  An empirical relationship 
between the concentration of free AChE and neurological effects (e.g., tremors) will 
complete the PD portion of the model.  Similar submodels will need to be included for 
binding to other esterases, primarily in the blood. 

In order to attain reasonable level of confidence, the interactive PBPK models for 
mixtures should be developed only after the component single chemical models are 
developed and validated.  Likewise, the PD submodels should not be incorporated until 
the PBPK models are as validated as possible.   

The models can be exercised with existing animal data to determine practical 
thresholds for toxicokinetic interactions.  In the event that human exposure is at lower 
ranges than the model is validated for, particular attention should be paid to the 
presence or absence of interactions at the lowest validated level.  It would be useful to 
perform low-dose PK studies in animals (or humans) to extend the range of the model 
downwards, especially if it can be extended down to the range of the exposures under 
consideration.  Moreover, it would be even more important to do the low dose 
experiments if (non-additive) interactions are still occurring at levels below the model 
validation range, to determine the shape of the dose response curve below the point of 
departure. 

 
2.3.1.5.  Human PBPK Modeling: Incorporation of In Vitro Enzyme 

Studies ― The ultimate goal of PBPK modeling is to provide scientifically defensible 
computer simulations of the fate of the chemical or chemical mixtures in humans.  There 
are ethical and other problems with in vivo human toxicology studies, particularly with 
highly toxic pesticidal chemicals such as OPs.  Thus, the building of human PBPK 
models must rely on allometric extrapolation of animal data and/or in vitro studies using 
human tissues.  While many of the physiological parameters on humans are readily 
available in the physiology literature, some parameters which are chemical specific such 
as tissue/blood partition coefficients and metabolic parameters (Km and Vmax) are best 
empirically derived.  Recent advances in PBPK modeling have demonstrated the ability 
of the technique to include extrapolations made from data on chemical metabolism and 
enzyme contents derived from in vitro human and research animal tissue preparations 
(Kedderis and Held, 1996; Kedderis, 1997; Lipscomb et al., 1997, 1998, 2003a,b; 
Lipscomb and Garrett, 1998; Snawder and Lipscomb, 2000; Kedderis and Lipscomb, 
2001; Lipscomb and Kedderis, 2002).  In particular, careful experimental measurements 
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and statistical evaluations on the content of microsomal protein, cytochrome P450 
enzymes, in human liver samples derived under organ transplant conditions had been 
carried out (Lipscomb et al., 1997, 1998, 2003a,b; Lipscomb and Garrett, 1998; 
Snawder and Lipscomb, 2000).  This is important because some past human studies 
employed liver samples from cadavers, which were metabolically compromised.  
Lipscomb et al. (2003b) recently integrated their various human in vitro studies from 
organ donors and demonstrated the application of such information via PBPK modeling 
in a risk assessment framework.  This paper (Lipscomb et al., 2003b) provided a 
stepwise illustration of how to incorporate three different datasets (the microsomal 
protein content of human liver, the CYP2E1 [the principal metabolic enzyme for TCE] 
content of human liver microsomal protein, and the in vitro Vmax for TCE oxidation by 
humans) into a PBPK model for risk-relevant pharmacokinetic outcome in humans.  
Using a variety of statistical analyses, the 5th and 95th percentiles of the resulting 
distribution on Vmax (TCE oxidized per minute per gram liver) differed by approximately 
6-fold.  These values were converted to the in vivo Vmax (mg TCE oxidized/hr/kg body 
weight) and incorporated into a human PBPK model for TCE.  Model simulation under 
the conditions of 8-hr inhalation exposure to 50 ppm or drinking water exposure at 5 μg 
TCE in 2 L/day revealed that 6-fold variation in Vmax (i.e., Vmax at 5th or 95th percentiles 
levels) resulted in only 2% or less differences in metabolism of a key intoxicating step, 
the formation of chloral hydrate (Lipscomb et al., 2003b).  On the surface, this finding, 
which is suggestive of Vmax insensitivity under the model simulation conditions, has 
strong implications in risk assessment.  In essence, it suggests that, at low 
environmental or occupational exposure conditions, individual variability of metabolic 
capacity as large as 600% (6-fold) has little or no impact on the toxic outcome of TCE.  
However, upon closer examination, valid scientific explanation is available.  Kedderis 
(1997), in studying the effect of enzyme induction on the bioactivation of TCE and other 
volatile organic compounds, indicated that the hepatic blood flow limitation plays an 
important role in the kinetics of bioactivation.  What happens in the above situation 
(Lipscomb et al., 2003b) is that, even though the individual metabolic capacity varies 
greatly (i.e., 600%), the rate of hepatic blood flow delivery of TCE and its related 
metabolites (formed from earlier passages through liver cells) to the liver is much slower 
than the rate of bioactivation in the liver.  Thus, this “flow-limited process” (that delivers 
concentrations below those that are in the linear range of the metabolic rate versus 
substrate concentration curve) is a more important factor than maximum metabolic rate, 
thus limiting the impact of the large variability in metabolic capacity in the population.  
These results underscore the importance of considering the overall dynamic equilibrium 
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of all the relevant biological processes in the body—in some sense, a broader 
application of the systems biology approach.  The Lipscomb et al. (2003b) paper is 
attached as Appendix B as instructional material for the incorporation of human in vitro 
data into the PBPK modeling process.  

Appendix C provides summary information for each of the component chemicals 
in the two mixtures identified for this project.  It includes information on the toxicity, 
metabolism and pharmacokinetics for each chemical.   

 
2.3.2.  Step 7.  Develop Detailed Exposure Scenarios for All Routes and Durations.  
The contribution to isolated or individual chemical exposures to the potential magnitude 
of exposure should be characterized.  Once these are characterized, a decision should 
be reached as to whether these exposure scenarios should be included in a qualitative 
exposure assessment.  Consideration should be given to the identification of 
subpopulations and their locations, as well as to co-exposures to multiple chemicals.  
As drinking water is the primary concern for this project, emphasis will be placed on the 
oral consumption of finished drinking water.  Review of pertinent literature on the 
component chemicals in the mixture is the first step (see Appendix C).  In the guidance 
document (U.S. EPA, 2002a), it was stressed that cumulative risk assessments should 
reflect use patterns and practices on a scale sufficient to capture the variability in 
pesticide use, but not so large as to inappropriately dilute real and significant 
differences.  A specific example was given on fenthion, one of the six OP pesticides 
selected by the U.S. EPA for the first mixture.  Apparently, fenthion was used for 
localized mosquito control in parts of southern Florida; therefore, it was stated that this 
pesticide should have only limited consideration in an assessment of other OP 
pesticides, including those used for mosquito control (U.S. EPA, 2002a).  Exposure 
assessments should take into account those factors that impact the targeted group of 
humans or the geographic region of interest. 
 
2.3.3.  Step 8.  Quantify Parameters for Exposure.  Exposure should be presented in 
as quantitative a manner as is possible.  The magnitude, frequency and duration for all 
pertinent exposure pathway/route combinations should be determined.  Appropriate 
sources of use/usage information, chemical concentrations in all appropriate media, and 
any modifying factors necessary should be included in the assessment.  Where 
necessary, surrogate datasets developed for similar chemicals, published literature or 
generic datasets should be identified and justified for inclusion.  Here, emphasis will be 
placed primarily on drinking water.  The guidance document (U.S. EPA, 2002a) 
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indicated that evidence of the co-occurrence of pesticides within a drinking water source 
for a CAG is a critical piece of information needed prior to making a decision to include 
more than one pesticide in a cumulative drinking water exposure assessment.  Direct 
measurements of combinations of pesticides in finished drinking water are rarely 
available.  However, U.S. Geological Survey’s National Water Quality Assessment 
Program databases do contain information on the co-occurrence of a wide variety of 
pesticides in ambient surface water, and some registrant-sponsored studies provide 
co-occurrence data for some compounds in drinking water.  The exposure scenarios 
may take on one of several forms, as previously described.  In accordance with U.S. 
EPA guidance (2002a), the exposure data will be formatted for input into the 
quantitative DBCRA taking into account, as appropriate, seasonal variations, 
geographical variations, and other variations in exposure.  The range of exposures 
determined as such must be part of the exposure input.  Yet more sophisticated 
approaches, such as the one suggested by Figure 6, can also be considered.  In 
Figure 6, the distributions of exposures are determined and used as input to a PBPK 
model.  As interactions between component chemicals in the CAG will depend on the 
magnitude and duration of the exposure to each chemical, non-PBPK models would 
necessarily have to attempt to simplify the basis for the interactions in some empirical 
manner.  Alternately, PBPK models (should validated ones be developed) can be used 
to estimate the actual extent of toxicity (AChE inhibition or as otherwise desired).  The 
model can be run iteratively for as many exposure scenarios as necessary.  Indeed, it is 
quite feasible to use a Monte Carlo sampling approach to sample from the distributions.  
For example, within each of 500 communities, the simulation of 1000 exposures (i.e., 
what 1000 persons would be exposed to) would not be an unreasonable task.  This 
would allow the determination of cumulative risks in various locations, times of year, 
etc., as well as for the nation as a whole. 
 
2.3.4.  Step 9.  Conduct Dosimetry-Based Cumulative Risk Assessment.  This is 
the point in the process where the pharmacokinetic data and model are combined with 
the defined exposure scenario(s) to estimate internal dosimetry.  The resulting internal 
doses are combined with data describing dose-response and potency defined in step 6.  
To accomplish this, route/duration-specific dose metrics associated with specific risks 
should be identified and internal doses should be expressed in these terms.  A trial run 
should be conducted initially and its results evaluated.  The model should be subjected 
to a sensitivity analysis, which will identify model assumptions and parameters that most 
influence the production of the risk related dose metric.  An assessment of the 
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FIGURE 6 

A Schematic for Integrating Data for Cumulative Risk Assessment.  This is a possible 
method for integrating exposure distributions with PBPK models for several interacting 
chemicals and analyzing model output to determine distribution of cumulative 
risk estimates. 

 51



 

subpopulations of concern should be undertaken, and uncertainty and FQPA safety 
factors should be recommended.  The documents Cumulative Risk: A Case Study of the 
Estimation of Risk from 24 Organophosphate Pesticides (U.S. EPA, 2000b) and 
Organophosphate Pesticides: Revised OP Cumulative Risk Assessment (U.S. EPA, 
2002b), as well as the documents addressing the cumulative risk of N-methyl 
carbamates, triazines and the chloroacetanilides should be consulted for carrying out 
cumulative risk assessment.  The results of the DBCRA should be presented so that the 
reader will understand which dose metrics for which chemicals and effects were 
selected and simulated, and the impact that a cumulative exposure will have on the 
production of these dose metrics and, ultimately, on risk. 

Assigning FQPA Safety Factors is restricted to children and restricted to 
pesticide chemicals only (refer to OPP guidance and to Step 10, below).   

 
2.3.5.  Step 10.  Characterize Cumulative Risk via Pharmacokinetic Analysis.  
Describe the results and conclusions of the cumulative risk analysis, including the 
relative confidence in toxicity and exposure data sources and model inputs.  Discuss 
major areas of uncertainty, the magnitude and direction of likely bias, and the impact on 
the final assessment.  Evaluate the risk contributions from each pathway and route 
individually, as well as in combination.  Identify risk contributors with regard to 
chemical(s), pathway, source, time of year, and impacted subpopulation (with particular 
attention to children).  Conduct sensitivity analyses to determine those factors most 
likely to impact the risk.  Determine need for additional uncertainty and safety factors. 
 A summary of the risk characterization should include a restatement of the scope 
of the issue being addressed, explaining the chemicals under evaluation, data available 
and their strengths and weaknesses including uncertainties, the assumptions made 
during the analysis, and how the results are interpreted for each of the demographic 
groups represented.  These data include those pertaining to the temporal and 
geographic nature of exposure, including food and water ingestion rates, contamination 
levels (including non-detects) and the methods used to develop distributions for variable 
data.  Special emphasis should be placed on how groups differ, and the likely bases for 
those differences, including anatomic, biochemical and physiologic differences, as well 
as differences related to exposures.  With respect to PBPK modeling, these differences 
may be due to age and sex-dependent differences in body composition and/or 
metabolic capacity.  The risk characterization section should report biases in datasets 
employed, and a general evaluation of the level of confidence placed in the analysis.  
Significant sources of uncertainty should be communicated, and when possible, the 
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results of a sensitivity analysis should be used to demonstrate the level of impact that 
these uncertainties may have on the overall outcome.  Outcome should be 
communicated as the level of the dose metric(s) most closely associated with the health 
endpoints of concern.  Regarding sensitivity within the human population, the 
application of FQPA safety factors is restricted to children and to pesticide chemicals.  
The safety factor and the bases for its derivation (a value of up to a factor of ten) have 
been described in other documents developed by OPP.  When data and circumstances 
warrant, the additional FQPA safety factor may not be applied.  When applied, however, 
the factor is applied to the results for the chemical mixture, rather than to the individual 
chemicals.   
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3.  CONCLUSIONS 
 

In this report, we outline some of the considerations that are involved in 
performing CRA using a PBPK-modeling based approach.  While this report makes a 
number of specific suggestions and observations, additional details of a PBPK-based 
approach to CRA will depend on the specific chemicals in a CAG, which are not known 
until the initial analysis is complete; and issues that arise during the risk assessment 
process itself, which are largely unknown until the work is undertaken.  For 
methodological issues that are decided on the basis of scientific judgment, decisions 
should be made with the assistance of appropriate advisory committees dedicated to 
the subject at hand. 

PBPK modeling-based approaches offer several advantages in CRA.  First, U.S. 
EPA has recently advocated using biologically-based approaches in risk assessment.  
Indeed, these biologically based approaches offer the best means of performing many 
of the extrapolations that are necessary in the risk assessment process.  Biologically 
based approaches were further recommended by U.S. EPA for use in CRA, when they 
are available.   Because of their ability to extrapolate dosimetry across dose, species, 
sex, route and age, PBPK modeling is often the favored biologically-based method for 
determining tissue dosimetry.  Second, PBPK modeling is the simplest method for 
characterizing PK interactions in the body that is directly based on the biology of the 
process.  Other methods are empirical and not only take a significant effort to develop, 
but have uncertainties when extrapolations are made to scenarios that are untested 
(e.g., empirical methods developed for A+B and B+C do not translate easily into a 
method for A+C).  Third, if significant PK or PD interactions occur, DBCRA cannot be 
reasonably performed without addressing the interactions at the level of target tissue 
concentration.  In other words, why go from single chemical risk assessments to 
multiple chemical risk assessments when one of the ramifications of multiple chemical 
exposures (toxicokinetic interactions resulting in altered tissue dosimetry) is omitted?   

Implementing PBPK modeling-based approaches to CRA would require the 
development of PBPK models for the individual chemicals in the CAG as well as a 
quantitative definition of the nature of the interactions.  While PBPK models exist for 
some of the chemicals considered here, some data are available to support the 
development of PBPK models for the rest.  Most likely, the biggest data gap consists of 
data regarding interactions.  For the chlorinated solvents, sufficient data may be 
available at this time; indeed some interaction models are already in the literature 
(Dobrev et al., 2001, 2002; Haddad et al., 2000; Thrall and Poet, 2000).  For the OP 
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pesticides, data gaps for some combinations of chemicals are likely.  Nevertheless, the 
burden of developing PBPK models for this group is greatly reduced by the fact that the 
same model structure can likely be used for all six chemicals.  With sufficient data, 
building the interactive PBPK models is likely to be feasible. 

For drinking water scenarios, multiple route (drinking, inhalation and dermal 
through bathing) exposure is a possibility.  Even if the CRA is restricted to direct 
consumption of drinking water itself, the pharmacokinetic and pharmacodynamic 
processes involved may be non-linear, including differing rates of metabolism for 
different chemicals, inhibition and replenishment of AChE, etc.  These types of non-
linear processes are well characterized by PBPK models.  Moreover, the drinking water 
scenario involves a complex set of exposures.  For each chemical, a different 
distribution of exposures, varying by season of the year, spatial location, and other 
factors must be incorporated into the assessment.  When this level of complexity is 
added to the variety of issues mentioned above, simple algebraic approaches to 
calculating risks become strained.  Other modeling approaches may be better suited to 
address the exposure assessment part of the CRA, and these approaches are easily 
tied into the PBPK model.   

The approach recommended in this report is completely consistent with existing 
U.S. EPA guidance.  The PBPK model itself largely affects the dose-response analysis 
of the CRA.  In essence, a PBPK modeling approach is one alternative method 
suggested by U.S. EPA in performing dose-response analysis.  However, if a PBPK 
model is to be used, other aspects of the CRA are also affected.  The approach used for 
exposure assessment, for example, must be tailored in such a way that the structure of 
the dataset is appropriate as an input to the PBPK model.  As a second example, the 
criteria used to determine whether exposure to a chemical is sufficient to warrant its 
inclusion in the CAG is also modified by the fact that chemical interactions are 
addressed within the CRA.  Specifically, this report points out that a chemical could 
conceivably be retained in the CAG based on an ability to interact with another 
chemical, regardless of whether the retained chemical can directly cause the toxicity 
that is the critical endpoint for the analysis.  In this way, a PBPK modeling-based CRA 
may more accurately determine the actual cumulative risk from a set of chemicals than 
an approach that does not quantify the impact of interactions on toxicity.  Last but not 
least, the ultimate goal for risk assessment is the protection of public health.  Therefore, 
PBPK modeling of chemical and chemical mixtures in humans is absolutely essential.  
Accordingly, the incorporation of quality human tissue studies into the PBPK modeling 
process is of critical importance.  As a final concluding remark, as U.S. EPA advances 
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the science of cumulative risk assessment, PBPK modeling should be incorporated 
where appropriate.  
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INTRODUCTION

At first glance, the topic of physiologically based
pharmacokinetic/pharmacodynamic (PBPK/PD) modeling
appears to be outside the central theme of this book.
However, with the advances of modern biology and
computational technology, it is just a matter of time
for any area of biomedical sciences to be integrated
with computer science. Two aspects are particularly
important for the application of PBPK/PD modeling in
cancer research, thus underscoring the relevance for the
inclusion of this chapter in the book: (1) incorporation of
PBPK/PD modeling in any biomedical research can avoid
unnecessary experiments, thereby conserving precious
resources, and (2) computer simulations (i.e., in silico
experimentation) using validated PBPK/PD models will
minimize animal usage.

The intent of this chapter is to (1) introduce the gen-
eral concept and background knowledge of PBPK/PD
modeling; (2) provide some examples of application
of PBPK/PD modeling; (3) illustrate the utility of
PBPK/PD modeling, particularly in the pharmaceutical

drug development process; and (4) project future devel-
opment on “second-generation” PBPK/PD modeling and
In silico toxicology. An emphasis was given to intro-
ducing the concepts of PBPK/PD modeling rather than
the details of its techniques and processes. For more
detailed background and conceptual information on PBPK
modeling, the readers are referred to our earlier intro-
ductory discussion (Yang and Andersen, 1994) and the
two “timeless papers” by Bischoff and Brown (1966)
and Dedrick (1973). For more extensive information, par-
ticularly regarding modeling techniques, the reader should
consult the two future books from our laboratories (Reddy
et al.,• 2004; Yang et al., 2004).ž Q2

WHAT IS PHYSIOLOGICALLY BASED
PHARMACOKINETICS? WHAT ARE THE
DIFFERENCES BETWEEN PBPK AND
CLASSICAL PHARMACOKINETICS?

Physiologically based pharmacokinetics (PBPK), as the
name implies, is a special branch of pharmacokinetics
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where physiology and anatomy of the animal or human
body as well as the biochemistry of the chemical or chem-
icals of interest are incorporated into the conceptual model
for computer simulation. Classical pharmacokinetics refer
to those empirical noncompartmental or compartmental
pharmacokinetic studies routinely practiced in the pharma-
ceutical industry (van de Waterbeemd and Gifford, 2003).
As will be illustrated later, the compartments of a PBPK
model have anatomic and physiologic significance. This
is a major difference from empirical noncompartmental
or compartmental pharmacokinetic modeling approaches.
PBPK models can be used to describe concentration–time
profiles in individual tissue/organ and in the plasma or
blood. When the concentration of a certain target tissue,
rather than the plasma concentration, is highly related to a
compound’s efficacy or toxicity, PBPK modeling will be
a more useful tool than classical pharmacokinetic models
for describing PBPK/PD relationships and thus make a
better prediction of the time course of drug effects result-
ing from a certain dose regimen for the compound of
interest. Furthermore, PBPK models in combination with
absorption simulation and quantitative structure–activity
relationship (QSAR) approaches will bring us closer to
a full prediction of drug disposition for pharmaceutical
new entities and help streamline the selection of lead
drug candidates in the drug discovery process (van de
Waterbeemd and Gifford, 2003). Lastly, unlike empirical
noncompartmental and compartmental pharmacokinetics,
PBPK modeling is a powerful tool for extrapolation, be
it for interspecies, interroutes, interdoses, interlife stages,
and so on.

The concept of PBPK had its embryonic development
in the 1920s and 1940s; for a more detailed early
history, readers are referred to two books which are in
preparation (Reddy et al., 2004; Yang et al., 2004). PBPK
modeling blossomed and flourished in the late 1960s and
early 1970s in the chemotherapeutic area mainly due to
the efforts of investigators with expertise in chemical
engineering process design and control. Two notable
pioneers in this development are Kenneth B. Bischoff,
then at the University of Texas, Austin, Texas, and Robert
Dedrick of Biomedical Engineering and Instrumentation
Branch, Division of Research Services, National Institutes
of Health, Bethesda, Mariland. Two timeless publications
by these investigators are, respectively, “Drug Distribution
in Mammals” (Bischoff and Brown, 1966) and “Animal
Scale-Up” (Dedrick, 1973); these articles are highly
recommended to those who are interested in PBPK
modeling. In the mid-1980s, two articles on PBPK
modeling of styrene and methylene chloride (Andersen
et al., 1987; Ramsey and Andersen, 1984) started yet
another “revolution” in the toxicology and risk assessment
arena. Today, there are more than 700 publications directly
related to PBPK modeling on industrial chemicals,

drugs, environmental pollutants, and simple and complex
chemical mixtures (Reddy et al., 2004).

A PBPK model, graphically illustrated in Figure 23.1,
reflects the incorporation of basic physiology and
anatomy. The compartments actually correspond to
anatomic entities such as liver, lung, and so on, and
the blood circulation conforms to the basic mammalian
physiology. In this specific model, a published example on
methylene chloride, it is quite obvious that the exposure
route of interest is inhalation because the lung and gas
exchange compartments are prominently displayed with
intake (CI) and exhalation (CX) vapor concentrations
indicated. Oral and/or dermal exposures may be added
easily to the gastrointestinal tract compartment or general
venous circulation, respectively. Some tissues (e.g., richly
or slowly perfused tissues in Fig. 23.1) are “lumped”
together because there is insufficient evidence to conclude
that each of these tissues is kinetically distinct enough for
the specific chemical to warrant a separate compartment.

If one draws an analogy of the “scale-up” from a
laboratory chemical engineering process to a chemical
plant to the scale-up of a mouse to a human, one finds
that both situations are governed by a great number
of physical and chemical processes. In mammals, the
physical processes (i.e., mass balance, thermodynamics,
transport, and flow) often vary in a predictable way.
However, chemical processes such as metabolic reactions
may vary greatly and are less predictable among species.
These physical and chemical processes interact in the body
such that the pharmacokinetics of any given chemical
between one species and another may be more (or less)
predictable depending on the amount of background
information available.

HOW DOES A PHYSIOLOGICALLY BASED
PHARMACOKINETIC MODEL WORK?

A PBPK model applies fundamental physiologic, bio-
chemical, and engineering principles to describe the dis-
tribution and disposition of chemicals in the body at any
given time. The process and approach may be summarized
in a flowchart (Fig. 23.2). Once the chemical of interest
and the problems needing to be addressed are identified,
a thorough literature evaluation is conducted.

The fundamentals of PBPK modeling are to identify
the principal organs or tissues involved in the disposition
of the chemical of interest and to correlate the chemical
absorption, distribution, metabolism, and excretion within
and among these organs and tissues in an integrated and
biologically plausible manner. A scheme is usually formed
where the normal physiology is followed in a graphi-
cal manner (i.e., a conceptual model as in Fig. 23.1).
Within the boundary of the identified compartment (e.g.,
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Figure 23.1. Graphical representation of a PBPK model for methylene chloride. (Andersen
et al., 1987).

an organ or tissue or a group of organs or tissues), what-
ever “comes” in must be accounted for via whatever
“goes out” or whatever is transformed into something
else. This “mass balance” is expressed as a mathemati-
cal equation with appropriate parameters carrying biologic
significance. A series of such equations representing all of
the interlinked compartments are formulated to express a
mathematical representation, or model, of the biologic sys-
tem. This model can then be used for computer simulation
to predict the time course behavior of any given parame-
ter. Three sets of parameters are needed for PBPK model
building: physiologic parameters (e.g., ventilation rates,
cardiac output, organs as percent body weight), thermody-
namic parameters (e.g., tissue partition coefficients, flow
rates), and biochemical parameters (e.g., Km and Vmax).
Most, if not all, of the parameters for laboratory animals
are available in relevant literature, such as the Biologi-
cal Data Book and the special report by the International
Life Sciences Institute (ILSI) on the compilation of physi-
ologic parameters for PBPK models (Brown et al., 1997).
When information gaps exist, the solution is either an
empirical one via experimentation or through allometric
extrapolation, usually based on a power function of the
body weight (Lindstedt, 1987).

The U.S. Environmental Protection Agency (EPA)
guidance document (2002) includes a very nice discussion
on “modeling the data.” Although it is not necessarily for
PBPK modeling, the discussion reflects some “dos” and
“don’ts” on computer modeling. We quote some of the
passages below:

The• selection of a mathematical model structure to fit ž Q3

the data being analyzed should be guided by the biology
of the common mechanism of toxicity, the toxicokinet-
ics of the chemicals, and the observed shapes of their
dose-response curves and the experimental designs used
to generate the data. If available, pharmacodynamic and
pharmacokinetic data should be considered in order to
account for tissue concentrations and to aid in defin-
ing dose-response relationships across different species,
routes and time-frames of exposure . . . .

. . . Although it is not possible to recommend the use
of specific models, a few points that should be considered
in modeling the data follow:

ž Modeling of individual animal data is desir-
able; however, if this is not practical, then use
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Figure 23.2. Flowchart illustrating processes involved in PBPK. (From M. E. Andersen,
Pharmacokinetics in Risk Assessment, Drinking Water and Health, National Academy Press,
Washington, D.C., 1987, pp. 8–23.)

of summary data such as means and standard
deviations can be alternatives

ž Care should be taken with modeling high-dose
data (particularly extreme doses) because the
model shape in the low-dose region can be
influenced by high-dose data

ž Log transformation of data should be justified
because such a transformation may distort the
dose-response curve

ž Data variability should be described by appro-
priate statistical techniques and reflected in the
potency estimate (e.g., by weighting the data
in the fitting procedure)

ž Confidence intervals or limits should be
included in the analysis because they can
be valuable for evaluating the influence of
variability on the potency estimates

ž An estimate for the uncertainty of the model
used in the analysis should be included

ž The statistical fitting method used must be
clearly described.

For the most well-studied chemicals or drugs, it is likely
that the biochemical constants such as Km’s and Vmax’s
are known and readily retrievable from the information
data base. However, it must be made clear here that
the Km, Vmax, and KF (first-order rate constant) in a
PBPK model (known as in vivo Km, Vmax, KF for a
given chemical) such as the ones given in Figure 23.1 are
hybrid constants of all the saturable or linear metabolic
pathways, respectively, for the chemical of interest in
the organ and/or body. They are different from the
in vitro Km, Vmax, or KF of a given pure enzyme.
While they are not directly interchangeable, the in vitro
constants in the literature may be used to estimate
in vivo constants for modeling purposes (Kedderis and
Lipscomb, 2001; Lipscomb et al., 1998). Also, for most
well-known chemicals, it is likely that enough is known
about the mechanism of toxicity to be incorporated
into the model for computer simulation. Physiologic
constants such as organ volumes and blood flow rates
are usually available in the literature for the common
laboratory animals as well as humans. Therefore, at
least in those instances of “well-known” chemicals, a
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model may be conceptually illustrated as in Figure 23.1
and mathematically represented by a number of mass
balance differential equations. Computer simulations may
be made for any number of desired time course endpoints
such as the blood levels of the parent compound, liver
level of a reactive metabolite, and similar information
on different species, at lower or higher dose levels,
and/or via a different route of exposure. The experimental
pharmacokinetic data may then be compared with PBPK
model simulation to see if they are superimposable upon
each other. If this is indeed the case, the model is
consistent with actual results. Validation of the PBPK
model with data sets other than the working set (or training
set) to develop the model is necessary. Once validated, the
PBPK model is ready for extrapolation to other animal
species, including humans. However, if the experimental
data and PBPK model simulation are not consistent,
the model might be deficient because critical scientific
information might be missing or certain assumptions
are incorrect. The investigator, with knowledge of the
chemical and a general understanding of the physiology
and biochemistry of the animal species, can design and
conduct critical experiments for refining the model to
reach consistency with experimentation (Fig. 23.2). This
refinement process may be repeated again and again
when necessary; such an iterative process is critically
important for the development of a PBPK model. There
is always the possibility that a good model may not
be obtained at the time because of the limitation of
our knowledge on the chemical. An emphasis must
be made here that the investigator and the knowledge
possessed are the single most important determinant of
the outcome of the results; mathematical modeling and
advanced computational capabilities are nothing more
than good tools.

MYTHS ABOUT PHYSIOLOGICALLY BASED
PHARMACOKINETICS; ARE THEY REAL?

Common belief is that PBPK modeling is highly resource
intensive and very difficult to do, particularly involving
interactive pharmacokinetics or pharmacodynamics. This
warrants some special discussion: First, by the time
chemicals such as drugs or pesticides reach the stage of
commercialism, many types of studies have already been
conducted, including pharmacokinetic studies. Thus, they
are already resource intensive during the developmental
stage to become successful chemicals in commerce. The
important point is how may quantitative, time course
data useful for PBPK model development be generated
during the product development phase? The data required
for PBPK modeling are really not too much different
from those required for the classical pharmacokinetics

in the present IND/NDA (investigational new drug
application/new drug application) process. A slight new
orientation to the existing battery of studies would
generate adequate quantitative time course data for PBPK
modeling. Thus, it is definitely not any more resource
intensive from the existing requirements. Furthermore, if
the incentive (e.g., regulatory guideline-driven scientific
studies) is there, such quantitative, time course data would
have been automatically generated during the product
development phase. In fact, PBPK modeling, being a
hypothesis testing tool in toxicology, may be utilized
to conduct many different kinds of experiments on a
computer (i.e., in silico toxicology).

A great deal of research effort has been devoted to
the development of simple, high-throughput, and in vitro
predictive tools in the pharmaceutical industry (van de
Waterbeemd and Gifford, 2003). While these short-term,
rapid assays certainly offer some utility, particularly in
the early drug development process, an inherent danger
of such tools is the “by-pass” of integrated mammalian
physiology and architecture of the body. In that regard,
development of in silico toxicology such as PBPK/PD
modeling and other biologically based computer model-
ing has the advantage of integrating whole-body phar-
macokinetics and pharmacodynamics with computational
technology. The resulting predictive tools will minimize
unnecessary experiments and improve the attrition rate of
drug or chemical product development with much more
scientific validity and confidence. In that sense, PBPK/PD
modeling, once integrated as a part of the product devel-
opment plan, will actually save expenses and resources as
well as minimize unnecessary animal experiments.

Second, while PBPK modeling is by no means a
very easy technology, it is not any more difficult than
some of the classical pharmacokinetic and statistical mod-
eling carried out in the routine product development
process. Furthermore, excellent training opportunities
(e.g., www.cvmbs.colostate.edu/enhealth/cett/) are avail-
able, and the development of software is such that more
and more user-friendly tools are going to be available.

PHYSIOLOGICALLY BASED
PHARMACODYNAMIC MODELING

Using plain English, pharmacokinetics can be considered
as “What the body does to the chemicals,” and pharma-
codynamics can thus be considered as “What the chemi-
cals do to the body.” Physiologically based pharmacody-
namic (PBPD) modeling is therefore computer simulation
of pharmacologic or toxicologic effects of chemicals or
drugs based on the biology of chemical/drug–receptor
interactions. From the point at which a chemical or a
drug enters into the body to the point of pharmacologic or
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toxicologic effect, it is a continuum of pharmacokinetics
and pharmacodynamics. It is difficult to distinguish where
pharmacokinetics end and pharmacodynamics start. When
we consider the pharmacology or toxicology of a chem-
ical or a drug, we must consider both pharmacokinetics
and pharmacodynamics to have a full understanding. To
consider either area alone is to understand only part of
the picture.

PBPK modeling preceded PBPD modeling by many
years because of the slower and later advances of mecha-
nistic understanding of modes of action of chemicals and
drugs. It is a natural course of evolution that PBPK blos-
somed and flourished first because it was developed based
on the fundamentals of mammalian physiology, analytical
chemistry, engineering principles of mass transport and
mass balance, and desk-top computer hardware and soft-
ware development. These were all well-developed areas
in the earlier days. PBPD modeling is dependent upon the
mechanistic basis of chemical/drug–receptor interactions,
and the biology associated with it took time to mature. The
recent trend is such that more and more PBPD modeling
work is evident. PBPK modeling has matured to the point
that research endeavors are centered around more com-
plex systems (e.g., multichemical interactions, subcom-
partmentalization of organs) or special problem-driven
models (e.g., dermal uptake of chemicals from showers,
exposure dose reconstruction). As will be discussed later,
the “delumping” of organ and tissue compartments and
the linkage of PBPK models with other types of bio-
logically based models may lead us to second-generation
PBPK/PD modeling.

DATA REQUIREMENTS FOR PBPK OR PBPD
MODELING

What are the specific data needed for building PBPK mod-
els? Obviously, well-conducted in vivo pharmacokinetic
data are essential, and usually the more the data sets (e.g.,
different doses, routes, species), the better. In each study,
time course blood and tissue concentration data are essen-
tial. These time course data should include at least the
following tissues and organs: blood (or plasma if blood
cell binding is not an issue), liver (organ of metabolism),
kidney (representing well-perfused organs/tissues), muscle
(representing slowly perfused organs/tissues), and target
organ(s)/tissue(s). We also need other PBPK-modeling
specific information, such as (1) physiologic constants,
including body size, organ and tissue volumes, blood flow,
and ventilation rates; (2) biochemical constants, includ-
ing the chemical-specific metabolic rate constants such
as Vmax and Km, partition coefficients for tissues; and
(3) mechanistic factors such as target tissues, metabolic
pathways, and receptor interactions. Enzyme kinetic data,

particularly human data, of at least the key metabolic pro-
cesses will be important for the PBPK model. In vitro
determination of tissue partition coefficients and enzyme
kinetic data is relatively straightforward and inexpen-
sive. With modern genetic engineering technologies, many
human enzymes are available commercially. Thus, hereto-
fore unavailable human enzyme kinetic information for
many of the environmentally important chemicals are
within easy reach for many laboratories. These experi-
ments should be performed.

For PBPD modeling, the data requirement is much
more variable because of the many different types of
chemical/drug–receptor interactions. Thus, it is much
more of a compound-specific nature. However, as a rule
of thumb, quality time course data on the key biologic
processes to be modeled are essential.

PBPK OR PBPK/PD MODELS FOR CHEMICAL
INTERACTIONS (INTERACTIVE PBPK
OR PBPK/PD MODELS)

Human exposure to chemicals is rarely, if ever, to single
chemicals. In the area of clinical pharmacology, adverse
drug interactions are undoubtedly serious concerns. For
instance, Lazarou et al. (1998) estimated that there were
over 2.2 million cases of serious adverse drug reactions
(ADRs) in hospital patients in 1994 in the United States
and among these cases 106,000 were fatal. During their
hospital stay, the patients in the survey statistics were
given an average of eight drugs. Comparing with other
statistics of causes of death, these investigators (Lazarou
et al., 1998) indicated that ADRs became the fourth to the
sixth leading cause of death for that year in the United
States. Thus, it is important to discuss the issues related
to the development of interactive PBPK/PD modeling
(see particularly the example given later on the work
of Kanamitsu et al., 2000).

From the perspective of interactive PBPK/PD model-
ing, two aspects need to be addressed: pharmacokinetic
interactions and pharmacodynamic interactions. Because
PBPD modeling is a relatively recent effort and few
such models are available for even single chemicals, we
will concentrate all our discussion on interactive PBPK
models. The most ideal and scientifically defensible data
requirement for establishing an interactive PBPK model
is that each component chemical in the mixture already
have its respective established PBPK model and that there
are many pharmacokinetic data sets in laboratory animals
as well as in humans available for each of these compo-
nent chemicals. The interactive PBPK model is then built
on the basis of known pharmacokinetic interactions. For
instance, the component chemicals may inhibit each oth-
ers’ biotransformation. The individual PBPK models may
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then be linked together at the liver compartment by intro-
ducing competitive inhibition (or other types of inhibition)
terms in the mass balance differential equation.

In some cases, even more specific and stringent data
requirements are needed; an example may be the ultralow-
dose pharmacokinetic data in perinatal developmental
stages of laboratory animals for extrapolation to human
fetuses and babies using PBPK modeling. This area is
still in its infancy and further development is antici-
pated.

APPLICATION OF PBPK/PD MODELING

Dosing Schedule of a Chemotherapeutic Agent

Methotrexate is a folate analogue and a well-known
cancer chemotherapeutic agent. This is one of the
chemotherapeutic agents which was studied extensively
with PBPK modeling. The mechanism of toxicity is
due to the binding of methotrexate to dihydrofolate
reductase, a key enzyme in DNA synthesis, leading to
cessation of DNA synthesis and cell death. In some
organs (liver, kidney, intestine, and marrow) and many
tumors, methotrexate undergoes metabolism to active
polyglutamate derivatives (even more potent inhibitors for
dihydrofolate reductase). Because these polyglutamates
are retained in some tissues far longer than the parent
compound, it has been suggested that this effect is
of great importance for the antineoplastic property of
methotrexate.

Table 23.1 shows the toxicity of methotrexate to mice
under a variety of dosing schedules (Morrison et al.,
1987). Obviously, toxicity does not directly correlate
with total dose. Decreasing total dose by a factor of
117 (350/3) led to an increase, rather than a substantial
decrease, in toxicity. In addition, the area under the
plasma concentration–time curve (AUC), a frequently
used pharmacokinetic parameter for bioavailability, did
not correlate with toxicity. For instance, the AUC for a
bolus dose of 350 mg/kg is about two orders of magnitude

greater than that of the 96-h infusion at 0.8 µg/h•, yet ž Q4
toxicity is higher with infusion.

The reason for the above phenomenon turned out to
be intimately associated with the pharmacokinetics of
methotrexate (and its polyglutamate metabolites) and the
threshold and length of time that dihydrofolate reductase
is inhibited (thus inhibition of DNA synthesis). At a bolus
dose of 350 mg/kg, even though there is a short period of
very high blood and tissue concentration, the inhibition
of DNA synthesis did not persist long enough to cause
lethality in at least some of the mice. At an infusion
rate of 0.8 µg/h• for 96 h, even though the blood and ž Q5
tissue levels were low, they were nevertheless high enough
to cause sustained inhibition of DNA synthesis, which
ultimately translated into higher lethality in the animals.
These scientific discoveries eventually led to the revision
of the methotrexate PBPK model by incorporating the
inhibition of DNA synthesis into the model.

From the modeling perspective, the iterative process
of making new scientific discoveries and then refining the
PBPK model by incorporating such new information into
the model is a wonderful illustration of what we discussed
in relation to Figure 23.2. An even more significant
illustration is the fact that a validated methotrexate PBPK
model can be used to conduct all the experiments in
Table 23.1 on a computer. With such complicated dosing
schedules, it is apparent how the lives of hundreds of mice
may be saved and how much time and resources may be
diverted to other more efficient usages.

“Electronic Rats”

One of our earlier examples was the PBPK/PD modeling
of a toxicologic interaction between kepone (also known
as chlordecone) and carbon tetrachloride (CCl4) based on
mechanisms of interactive toxicity and the application
of computer technology in acute toxicity studies. This
was a collaboration among three research groups: Melvin
E. Andersen, CIIT (presently CIIT Centers for Health
Research); Harihara M. Mehendale, Northeast Louisiana

Table 23.1. Dosing Schedule Dependence of Methotrexate Toxicity in Mice

Dose
(mg/kg) Schedule

Total Dose
(mg/kg)

Peak Plasma
Concentration (M) Effect

350 Single dose 350 10−3 LD50
25 Twice daily 50 10−4 LD50
3 Every 3 h, 5 times, rest 8 h,

then every 3 h, 3 times
24 10−5 >LD50a

0.5 Every 3 h, 20 times 10 10−6 >LD50a

0.8 µg/h Infusion 96 h 3 10−8 >LD50a

a Higher toxicity than LD50.

Source: Morrison et al., 1987.
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Figure 23.3. A conceptual PBPD model for CCl4 and Kepone interaction. KMIT = rate
constant for mitosis; KBIR = rate constant for cell birth; KINJ = rate constant for cell injury;
KDIEI = rate constant for general cell death; KDIE1 = rate constant for cell death due to injury;
KPH = rate constant for phagocytosis (El-masri et al., 1996).

University (presently University of Louisiana at Monroe);
and our Quantitative and Computational Toxicology group
at Colorado State University. The details of this study
may be found elsewhere (El-masri et al., 1996). Briefly,
CCl4 is a well-known hepatotoxin. Following free-radical
formation through the P450 enzyme system, the toxicity
of CCl4 can be an accumulation of lipids (steatosis,
fatty liver) and degenerative processes leading to cell
death (necrosis). Kepone is found in the environment
as a result of photolytic oxidation of Mirex, a pesticide
used for the control of fire ants, or as a pollutant from
careless and irresponsible discharge. At relatively low
levels (e.g., 10 ppm in the diet), even repeated dosing
of kepone in the diet up to 15 days caused no apparent
toxicity to the liver. The toxicologic interaction between
kepone and CCl4 was reported by Curtis et al. (1979).
They illustrated that a 15-day dietary exposure of male
rats to kepone at 10 ppm, an environmentally realistic
level, markedly enhanced liver toxicity produced by
an i.p. injection of a marginally toxic dose of CCl4
(100 µL/kg). This toxicologic interaction is unique in
that (1) unlike many other toxicologic interaction studies
which were usually dealing with acute toxicity at very
high doses, kepone in this instance was administered at
a very low environmental level; (2) CCl4 was also dosed
at a low, marginally toxic level; and (3) the magnitude
of toxicologic interaction, 67-fold, is very large. The
mechanism of this toxicologic interaction was elucidated
by Mehendale’s group through a series of studies to be the
impairment, by kepone, of the liver’s regeneration process.
These mechanistic studies were summarized in a number
of publications (Mehendale, 1984, 1991, 1994).

As shown in Figure 23.3, a PBPD model was con-
structed by El-masri et al. (1996) based on the mechanism
of toxicologic interaction between kepone and CCl4. This
PBPD model was verified by literature information, and
it was capable of providing time course computer simu-
lations of mitotic, injured, and pyknotic (dead) cells after
treatment with CCl4 alone or with kepone pretreatment.
This PBPD model was further linked with Monte Carlo
simulation to provide predictability of the acute lethality
of CCl4 alone and in combination with kepone. As shown
in Table 23.2, the a priori predictions of lethality were in
very good agreement with experimentally derived values
except at very high CCl4 levels. In this latter case, the
underprediction of lethality was due to toxicity other than
in the liver, that is, the neurotoxic effects of CCl4 on the
central nervous system. When this study was first pre-
sented at the International Congress of Toxicology Sym-
posium in 1995, a reporter for Food and Chemical News
wrote a section titled “Colorado Researchers Use Elec-
tronic Rats.” Although it was somewhat amusing at the
time, the term “electronic rats” nevertheless reflects our
ultimate goal of in silico toxicology.

Clonal Growth in Relation to Carcinogenesis

The U.S. National Toxicology Program (NTP) and its
predecessor, the National Cancer Institute’s Carcinogen-
esis Bioassay Program, collectively, form the world’s
largest toxicology program (NTP, 2002). In its nearly 40
years of operation, fewer than 600 chemicals have been
studied for carcinogenicity and other chronic toxicities
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Table 23.2. PBPK/PD Modeling and Monte Carlo
Simulation of Kepone/CCl4 Toxicologic Interaction

Dose Observedbž Model Predictiona

Kepone %
(ppm)
Dead

CCl4
(µL/kg)

Dead
Rats

Percent
Dead

Deadž
Rats

0 100 0 0.0 0
0.0
0 1000 1–2 13.2 1

11.1
0 3000 3 32.8 4

44.4
0 6000 4–5 47.8 8

88.8
10 10 0 0.0 0

0.0
10 50 4–5 47.5 4
44.4
10 100 8–9 84.0 8
88.8

a Mortalities in 48 h, given a hypothetical condition of n = 9; Monte
Carlo simulation, n = 1000.
bActual lethality studies (n = 9).

Source: Modified after Yang et al., Toxicol. Lett., 82/82 : 497–504, 1995.

(NTP, 2002, 2003). These “gold standard” chronic tox-

ž Q6

ž Q7

icity/carcinogenicity studies are extremely expensive (i.e.,
up to several million dollars per chemical), require large
number of animals (i.e., about 2000 animals per chemical),
and are lengthy (i.e., 5–12 years per chemical). Thus, con-
sidering the approximately 80,000 chemicals in commerce
(NTP, 2002), the number of compounds for which we
have adequate toxicology information for risk assessment
so far is miniscule. With the mode and rate of study-
ing these chemicals as indicated above, it is unlikely that
our society will ever have thorough toxicology informa-
tion on the majority of the chemicals that we use now or
may use in the future. Considering further the “real-world”
issue of the health effects of chemical mixtures, it would
be impossible to obtain adequate information on most of
the chemicals or chemical mixtures that humans might be
exposed to using the conventional approach (Yang, 1994,
1997). Thus, the PBPK/PD modeling approach described
below represents a possible alternative to the expensive
and time-consuming cancer bioassays.

We have used a modification of the medium-term
bioassay of Ito and co-workers (1989a,b) to study the car-
cinogenicity of chlorobenzenes. The Ito assay involves
the sequential administration of a potent initiator, diethyl-
nitrosamine (DEN), followed by chemical treatment and
mitogenic stimulation of hepatocyte growth via partial
hepatectomy. As shown in Figure 23.4, this protocol
allows the evaluation of carcinogenic potential within

DEN+corn oil

s s
DEN+HCB, PECB, TECB, or DCB

 s ss s s

s  s s

HCB, PECB, TECB or DCB

Sacrifices

DEN

PH

14(Days)1 23 26 28 47 56

Figure 23.4. Experimental design for initiation–promotion
study and estimated parameters for clonal growth model. The
initiation agent, DEN, was administered i.p. (200 mg/kg) at
week 0. HCB, PECB, TECB, or DCB was delivered by gavage
starting week 2 at dose of 0.1 mmol/kg per day, 7 days/week. A
two-thirds partial hepatectomy was performed on all animals on
week 3. Liver tissues were collected 23, 26, 28, 47, and 56 days
following initial DEN dosing. Concurrent controls without DEN
initiation were also performed for all groups (Ou et al., 2003).

eight weeks by identification of glutathione S-transferase
placental form (GST-P) positive preneoplastic foci as end-
point marker lesions. A large number of chemicals have
been tested using this protocol. When compared with the
two-year chronic bioassay, results from the Ito medium-
term bioassay have correctly identified 97% of genotoxic
hepatocarcinogens and 86% of the known nongenotoxic
hepatococarcinogens (Ogiso et al., 1990). The principal
modification of this protocol in our laboratory is the incor-
poration of pharmacokinetics and pharmacodynamics by
conducting time course studies on tissue dosimetry, cell
division rates, cell death rates, and GST-P foci formation.

To collect experimental data, briefly, as shown in
Figure 23.4, male Fisher 344 rats, 8 weeks of age,
were initiated with a single dose (200 mg/kg i.p.)
of diethylnitrosamine. Two weeks later, animals were
exposed to daily gavage consisting of 0.1 mmol/kg 1,4-
dichlorobenzene (DCB), 1,2,4,5-tetrachlorobenzene
(TECB), pentachlorobenzene (PECB), or hexachloroben-
zene (HCB) in corn oil vehicle for 6 weeks. Partial hep-
atectomy was performed 3 weeks after initiation. Liver
weight, 5-bromo-2′-deoxyuridine labeling index for analy-
sis of cell division rate, and number and volume of GST-P
positive foci were measured at 23, 26, 28, 47, or 56 days
after initiation•. ž Q8

We then used a clonal growth stochastic model (Ou
et al., 2001, 2003; Thomas et al., 2000) to describe the
dynamic growth of preneoplastic foci during the Ito
medium-term bioassay. The clonal growth model is based
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Figure 23.5. Simple two-stage model of carcinogenesis. The
analysis presented here focuses on normal and initiated
states (Ou et al., 2003).

on the two-stage model of carcinogenesis (Moolgavkar
and Luebeck, 1990; Moolgavkar and Venzon, 2000),
where the carcinogenesis process is described by the
two critical rate-limiting steps: (a) from normal to ini-
tiated cells and (2) from initiated cells to malignant states
(Fig. 23.5). The model allows the incorporation of rele-
vant biologic information such as the kinetics of tissue
growth and differentiation and mutation rates. The clonal
growth stochastic model adopts a discrete-time numerical
approach, where the time axis is decomposed into a series
of time intervals, where parameters are allowed to change
between but not with segments. To represent the multi-
plicity of the cellular states and the time-varying nature of
the numerous cell behavior variables, the numerical model
resorts to a recursive simulation. The growth of normal
liver is described deterministically, whereas other cellular
events use stochastic simulation. This approach facilitates
description of the complex biologic process with time-
dependent values.

A combination of experimental toxicology and com-
puter simulation described above was used to analyze
clonal growth of GST-P enzyme-altered foci during
liver carcinogenesis in an initiation–promotion regimen
for DCB, TECB, PECB, and HCB. The clonal growth
stochastic model (Ou et al., 2001, 2003; Thomas et al.,
2000) incorporating the hypothesis of two initiated cell
populations (referred to as A and B cells) (Fig. 23.5)
was successfully used to describe the foci development
data for four chlorobenzenes (Fig. 23.6 presented as an
example for HCB and PECB). The B cells are initiated
cells that display selective growth advantage under condi-
tions that inhibit the growth of initiated A cells and normal
hepatocytes. A sensitivity analysis of model parameters
indicated that the net growth rate of B cells during the two-
week regenerative period following partial hepatectomy
is among the most sensitive parameters for determining

the final foci volume. Furthermore, the estimated val-
ues of this model parameter among four chlorobenzenes
appear to be positively correlated with the induction of
CYP2B1/2, CYP1A2, c-fos, enlarged liver, and final foci
volume, indicating that examining effects of chemicals
on regenerative responses following partial hepatectomy
may be a way to understand the carcinogenicity potential
of chlorobenzene compounds. While TECB, PECB, and
HCB all increased significant foci volume, only HCB had
effects on normal hepatocyte proliferation. The use of a
two-cell hypothesis for the description of DEN control
data (with partial hepatectomy) also indicated the pres-
ence of multiple phenotypes of initiated clones following
DEN treatment, with resistant phenotypes arising during
early carcinogenesis.

As initiation–promotion protocols are widely used in
the study of carcinogenesis, the clonal simulation of foci
growth, in combination with PBPK modeling, will be a
useful quantitative tool for examining the time course of
a dose–concentration relationship at critical target tissues
and concentration-dependent pharmacodynamic changes
at cellular levels during carcinogenesis.

HOW ARE PBPK/PD MODELS VALIDATED?
HOW CAN THEY BE USEFUL PREDICTIVE
TOOLS?

To develop a PBPK/PD model, quantitative time course
experimental data sets are essential for comparisons with
computer simulations. As indicated earlier, the goal and
the hope are that computer simulations are superimposable
with experimental data. The data sets used for model
building are working sets (or training sets). For model
validation, it is very important that data sets other than
the working sets are used to compare with the model
simulation results. For instance, assume• a PBPK/PD ž Q9

model was developed using PK and PD data sets from
intravenous dosing of two dose levels of drug A reported
by laboratory X. The validation of this PBPK/PD model
for drug A should be carried out using different data sets
such as PK and PD following oral and dermal dosing
of drug A reported, respectively, by laboratories Y and
Z. Generally, the more different data sets used in the
validation process, the more robust the PBPK/PD model.

Once a PBPK/PD model is validated, it may be used
for predictive purposes. However, the present state-of-the-
art is such that the predictive capability is limited to the
very compound for which the PBPK/PD model is devel-
oped, or at the very least to close analogues with the
same mechanism of action. For example, Kanamitsu et al.
(2000), using a PBPK model, predicted in vivo drug–drug
interaction between triazolam and erythromycin based on
in vitro enzyme kinetic studies using human liver micro-
somes and recombinant human cytochrome P450 3A4
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Figure 23.6. Comparison of the clonal model outputs with experimental measurements of foci
growth for PECB and HCB congeners. Time-dependent changes in foci growth were measured
in animals subjected to an initiation/promotion protocol using DEN as an initiator and PECB or
HCB as a promoting agent. Using the standard stereologic methods, two-dimensional transection
data of GST-P foci were converted to three-dimensional foci number (foci number/cm3) and foci
volume (volume percentage of foci) in the liver. To illustrate the stochastic nature of foci growth,
the figures here show results from five runs of simulation. For comparison, experimental data
of Jang et al. (1993)• (triangle symbols) and simulation results for the DEN controls withoutž Q1
partial hepatectomy (lower solid gray lines) are shown along with those of the DEN controls (Ou
et al., 2003).

(CYP3A4). The mechanistic basis for this drug–drug
interaction which involved 15 fatalities in Japan in 1993
is a mechanism-based inhibition (or “suicide inhibi-
tion,” meaning the enzyme metabolizes a chemical to
a reactive metabolite which, in turn, irreversibly inac-
tivates the enzyme) for macrolide antibiotics, such as
erythromycin. Once the enzyme is permanently inacti-
vated, its metabolism of the other coadministered drug
is impaired, leading to a scenario of “drug overdose.”
With the present state-of-the-art, Kanamitsu et al. (2000)
should be able to use their PBPK model to predict poten-
tial serious dose-limiting toxicities for combination thera-
pies involving macrolide antibiotics and coadministered
drugs metabolized by CYP3A4 provided certain basic
PK parameters are known for the drugs involved as
well as in vitro enzyme kinetic information using human
CYP3A4. When more and more such mechanistic infor-
mation is available for classes of chemicals, it is likely that

reaction rules may be established for certain molecular
attributes, and reaction network modeling (see the fol-
lowing section on second-generation PBPK/PD model-
ing) may be linked with PBPK/PD modeling such that
more generalized prediction of toxicities might become
a reality.

FUTURE PERSPECTIVES: IN SILICO
TOXICOLOGY AND SECOND-GENERATION
PBPK/PD MODELING

In essence, in silico toxicology means integrating com-
puter modeling with focused, mechanistic animal exper-
imentation such that experiments which are impractical
(e.g., too large, too expensive) or impossible (e.g., human
experiments with carcinogens) to perform are conducted
on a computer. We believe that utilization of computer
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modeling is essential in the studies of toxicology of chem-
icals/drugs, chemical/drug mixtures, and their risk/safety
assessment. The area of biology, in general, will be well
served by the application of computer technology as an
alternative research method to conserve resources and
minimize the killing of laboratory animals. Looking into
the future, we believe that the linkage of PBPK modeling
and “reaction network modeling,” described briefly in the
following two subsections, has the potential of providing
a computer simulation platform for complex biologic sys-
tems involving chemicals/drugs, chemical/drug mixtures,
and/or multiple stressors. For a more detailed discussion,
the readers are referred to three publications (Liao et al.,
2002; Yang et al., 2003a,b) from our laboratory.

BUILDING A SECOND-GENERATION PBPK/PD
MODEL

In classical pharmacokinetics and physiologically based
pharmacokinetics, human or animal bodies were often
described by a few compartments. By second-generation
PBPK/PD modeling, we refer to integrating PBPK with
reaction network modeling, thus including many more
compartments (i.e., a delumping process). Our thoughts
may best be explained in this way: If one draws a parallel
between an oil refinery, where application of the reaction
network modeling approach has been very successful,
and a human body, the individual processing units in the
oil refinery may be considered as equivalent to the vital
organs of the human body. Even though the cell or organ
may be much more complicated, the complex biochemical
reaction networks in each organ may be modeled and
linked much the same way as the modeling of the entire oil
refinery through linkage of the individual processing units.

REACTION NETWORK MODELING

From the perspective of its original application in
petroleum engineering, a Reaction Network Model is a
tool for predicting the amounts of reactants, intermediates,
and products as a function of time for a series of
coupled chemical reactions (potentially numbering in the
tens of thousands of reactions for some systems). It is
usually a mathematical or symbolic formulation suitable
for solution on the computer. A reaction network model
builder is a tool for the computer generation of a reaction
network model. The model builder can thus be used not
only to solve the kinetic equations of interest but also
to generate the reaction mechanisms, rate constants, and
reaction equations themselves.

Essentially, the model builder works as follows:

1. The concentrations of the species to be reacted or
metabolized are input to the model builder.

2. For each species in turn, the model builder performs
a test against each of a set of “reaction rules” to
determine whether or not the species is susceptible
to a particular chemical reaction.

3. If it is not susceptible to any reactions, no further
action is taken on this species.

4. If it is susceptible, a transformation of the species
into one or more product species is performed based
on the particular chemical reaction.

5. Each of these product species then undergoes the
same susceptibility tests and a similar transforma-
tion sequence. This leads to a linking of all reactants
with intermediates and, ultimately, with final prod-
ucts. This linking forms the structure of the chemical
“reaction network.”

6. After the reaction network is established, the
rate constants for the reactions are retrieved or
are computed.

7. The coupled differential equations governing the
reaction kinetics for the network are then formulated
by the model builder.

8. Finally, the kinetic equations, that is, the model
equations, are solved numerically, leading to the
concentrations of all species as a function of time.

More details on reaction network modeling, particularly
the initial application to biomedical research, are avail-
able in a number of recent publications (Klein et al.,
2002; Liao et al., 2002; Reisfeld and Yang, 2003; Yang
et al., 2003a,b).

CONCLUSION

It is fitting to conclude with some recent testimonials from
reputable scientists for the importance of the integration
of different fields and the central role computer modeling
will play in biology:

In an AAAS Plenary Lecture on February 13, 1998,
Dr. Harold Varmus, then Director of the National
Institutes of Health, emphasized, among others,
two specific themes: “Discoveries in biology and
medicine depend on progress in many fields of
science” and “Methods that dramatically expand
biological data also demand new modes of analysis
and new ways to ask scientific questions.” He said,
“In short, biology is not only for biologists.”• ž Q10

Craig Venter of the human genome fame stated, “If we
hope to understand biology, instead of looking at
one little protein at a time, which is not how biology
works, we will need to understand the integration
of thousands of proteins in a dynamically changing
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environment. A computer will be the biologist’s
number one tool.”• (Bulter, 1999).ž Q11

Tyson and colleagues (2001) indicated, “Many promi-
nent molecular biologists have pointed out the press-
ing need for theoretical and computational tools to
show the spatial and temporal organization implicit
in the way the macromolecules are ‘wired together’
to create a living cell.”•ž Q12

PBPK models have proven useful in uncovering deter-
minants of disposition of carcinogens and other com-
pounds in the body; PBPD cancer models have shown the
role of mutation and cell proliferation in the time course of
tumor development. Both of these types of models initially
lacked considerable biologic detail due to limitations of
our knowledge of fundamentals of cell and molecular biol-
ogy. The revolution in genomic technologies in the past
decade has revolutionized the database to support mech-
anistic modeling of chemical disposition and of biologic
responses and these technologies now provide a basis for
expansion of these models with increasing biologic detail.
Reaction network models of cell constituents and genetic
regulatory networks of cellular controls appear particu-
larly attractive candidates for approaches to uncover the
interactions and perturbations controlling neoplastic trans-
formations and growth.

Another contemporary extension of PBPK/PD models
is closely tied to current attempts to unravel the circuitry
of living cells and to discover the manner in which these
circuits lead to biologic function and health. Mathemat-
ical models of gene networks and their perturbation by
disease or by chemical exposures are now being devel-
oped (Andersen and Barton, 1999). In some cases, simple
prokaryotic cells with specific circuit elements (e.g., bio-
logic oscillators, switches, amplifiers) have been produced
and examined by laboratory experiments and by compu-
tation (Guet et al., 2002; Hasty et al., 2002; McMillen
et al., 2002). These computational models evaluate the
protein networks within cells, the genetic control of these
networks, and the logic of cellular responses affected by
these networks (Alm and Arkin, 2003; Davidson et al.,
2002; Ferrell, 2002).

Gene network modeling in intact animals will
inevitably draw on PBPK and reaction network models
to track concentrations of endogenous and exogenous
signaling compounds and on PBPD models to simulate
consequences of the interactions of these compounds
with signaling pathways within cells. Reverse engineering
approaches attempt to uncover the circuitry of working
cells (Csete and Doyle, 2002). Large-scale simulation
modeling that has formed the major core of PBPK/PD
models remains important in examining these genetic
regulatory networks. However, these types of models are
being augmented by Boolean approaches using on–off

logic to increase the scope of genomic coverage (Bolouri
and Davidson, 2002). Efforts in understanding genetic
networks may be especially important in providing
insights into neoplastic diseases in which cell signaling
networks become impaired or deranged (Hahn and
Weinberg, 2002; Hanahan and Weinberg, 2000).
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Introduction 
 
This appendix summarizes data on chemicals considered for examples in the present analysis.  These 
data can be used in a component-based approach to cumulative risk, particularly in developing an 
understanding of toxicokinetics relevant to determining the likelihood of an interaction.  For the data 
contained in this appendix, several points bear emphasis.   
 
1. No data on either of the two example chemical mixtures was located.  Thus, this report contains 

information only on each of 10 components chemicals (i.e., 6 component chemicals for Mixture 1 
and 4 component chemicals for Mixture 2). 

2. This summary of data is by no means an exhaustive review for each of these 10 component 
chemicals.  Only brief information is provided for each of the sections for each chemical.  We 
placed a great deal of emphasis on not repeating the effort of existing reviews; rather, we provide 
an update on each chemical with current information. 

3. We focused more on pharmacokinetics/pharmacodynamics with special emphasis on 
physiologically-based pharmacokinetic (PBPK) modeling. 

 
In this report, the toxicological and pharmacokinetic characteristics of ten chemicals are discussed.  The 
ten chemicals consist of two groups that can potentially form mixtures in drinking water.  The first 
mixture consists of the organophosphorus pesticides parathion, methyl parathion, chlorpyrifos, diazinon, 
fenthion, and fenitrothion.  The second mixture consists of the chlorinated hydrocarbons chloroform, 
trichloroethylene, tetrachloroethylene, and 1,1,1 trichloroethane.  Each chemical is discussed separately 
in one section of the report.  In each section, a brief description of the toxicology of the chemical is 
provided as a background to the selection of appropriate dose metrics for risk assessments that can be 
quantified using PBPK modeling.  Subsequently, available data describing the pharmacokinetics (PKs) 
of each chemical in laboratory animals and humans is provided.  Finally, available studies regarding 
potential PK interactions between the chemicals are provided. 
 
The studies incorporated in this review are necessarily limited.  The review is based on a detailed search 
of the open literature.  However, inevitably there are additional studies to be considered, especially those 
that are not published. 
 
The principal purpose of this review is to compile data that may be useful in performing a PBPK model-
based cumulative risk assessment (CRA) for the two groups of chemicals in drinking water.   
 
Literature Cited 
 
Yang, R. S. H. (2004).  Final Report and Final Approach.  A Report to USEPA under USEPA Contract 
No. 3C-R102-NTEX.  May 24, 2004. 
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Parathion 
1.0 Introduction 
 
Parathion (O, O-diethyl 4-nitrophenyl phosphothioate) is a phosphorothionate insecticide that has no 
registered uses in the U.S. but is widely used elsewhere in agriculture and is present in food and 
environments (Brack et al. 1999; Fenske et al. 2002; Leblanc et al. 2000; Lifshitz et al. 1999; Ripley et 
al. 2000; Simcox et al. 1995).  
 
1.1 Toxic effects  
 
Parathion exerts its toxicological effects via inhibition of acetylcholinesterase (Nigg and Knaak 2000; 
Thiermann et al. 1997). Metabolism of parathion exploits CYP450 as a metabolizing enzyme 
(Atterberry et al. 1997; Attia 2000; Attia et al. 1995; Besser et al. 1993; Halpert et al. 1980; Halpert and 
Neal 1981a, b; Howard and Pope 2002; Jett et al. 1994; Katz et al. 1997). Other toxicities such as 
reproductive toxicities, immunotoxicity, cytotoxicity, carcinogenicity, and other effects have also been 
shown (Bustos-Obregon and Diaz 1999; Bustos-Obregon et al. 2001; Cabello et al. 2001; Cao et al. 
1999; Carlson and Ehrich 2001; Carlson et al. 2000; Galloway and Handy 2003; Grellner and 
Glenewinkel 1997; Ivens et al. 1998; Levario-Carrillo et al. 2001; Li and Zhang 2001; Liu et al. 1999; 
Melendez Camargo and Lopez Hernandez 1998; Olivier et al. 2001a; Olivier et al. 2001b; Padungtod et 
al. 1999; Padungtod et al. 1998; Padungtod et al. 2000; Rojas et al. 1998; Saleh et al. 2003; Segura et al. 
1999; Selgrade et al. 1984; Senel et al. 2001; Tong et al. 1988; Undeger et al. 2000; Van Den Beukel et 
al. 1997; van den Beukel et al. 1998; Wagner et al. 2003; Zaidi et al. 2000). 
 
1.2 Pharmacokinetics 
 
There are a number of pharmacokinetic studies of parathion and its toxic metabolite, paraoxon, 
conducted both in non-mammalian and mammalian species such as mice, rat, pig and dog via many 
routes of exposure including intravenous, oral and dermal exposure (Braeckman et al. 1983; Brimer et 
al. 1994; Chang et al. 1997; Chang et al. 1994a; Chang and Riviere 1991, 1993; Chang et al. 1994b; 
Denga et al. 1995; Eigenberg et al. 1983; Hurh et al. 2000a; Hurh et al. 2000b, c; Lessire et al. 1996; 
Oneto et al. 1995; Pena-Egido et al. 1988a; Pena-Egido et al. 1988b). 
 
Parathion at the dose of 3 mg/kg was intravenously administered to a rat. From the pharmacokinetic 
analysis, the terminal half-life and clearance of parathion were 3.4 hr and 93 ml/min/kg respectively 
(Eigenberg et al. 1983). Similar results were obtained from another study in rats, where the terminal 
half-life, AUC and clearance of parathion were 321 min., 52.5 μg-min/mL and 57.1 ml/min/kg 
respectively (Hurh et al. 2000a; Hurh et al. 2000b, c). In these studies, paraoxon levels were lower than 
their detection limits. 
 
Parathion pharmacokinetics in dogs were somewhat different from that in rats. After 30 mg intravenous 
dosing, plasma clearance and terminal half-life were 21 ml/min and 8.5-11.2 hr respectively. The plasma 
clearance in dogs appeared to be less than one-third of the plasma clearance for the rats. 
 
1.2.1 Absorption 
 
In a pharmacokinetic study in dogs (Braeckman et al. 1983), parathion was administered at 5 mg/kg 
intravenously and 10 mg/kg orally to determine its absolute bioavialability (F). The fraction absorbed 
was high (57-98%). However, the bioavailability of parathion appeared to have a comparatively large 
variation because of its first pass metabolism and intersubject variation in parathion hepatic extraction 
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ratio (range = 63-97%) (Braeckman et al. 1983).  Oral absorption of parathion was also studied in rats 
(Beubler et al. 1985). 
 
Numerous dermal exposure studies have been performed (Antunes-Madeira and Madeira 1984; Bucks et 
al. 1990; Campbell et al. 2000; Carver and Riviere 1989; Carver et al. 1989; Fisher et al. 1985; Gyrd-
Hansen et al. 1993; Hawkins and Reifenrath 1986; Knaak et al. 1984; Murphy 1980; Qiao et al. 1996; 
Qiao et al. 1994; Reifenrath et al. 1984; Reifenrath et al. 1991; Riley and Kemppainen 1985; Shah and 
Guthrie 1983; Skinner and Kilgore 1982; Wester et al. 2000; Williams et al. 1990; Williams et al. 
1996).  After dermal application of 50 mg/kg parathion was performed along the midline of the entire 
back of pigs, the dermal bioavailability (F) was 0.0993. Tissue distribution of parathion in back skin, 
back fat, liver, kidney, muscle, adipose tissue was also determined. It appeared that 25.0-60.8% of the 
administered dose remained at the application site (Brimer et al. 1994). 
 
1.2.2 Distribution 
 
Protein binding in dog serum and in human serum were 99% and 98% respectively (Braeckman et al. 
1983).  Tissue distributions were also reported in some species (Brimer et al. 1994). 
 
1.2.3 Metabolism  
 
Parathion is metabolized into paraoxon and 4-nitrophenol by desulfuration and dearylation (Fig. 1), 
respectively. 4-Nitrophenol formation is considered as the inactivation pathway, whereas paraoxon 
formation is considered as an activation pathway (Benke GM 1975; Bulusu and Chakravarty 1986, 
1988; Butler and Murray 1993, 1997; Chambers and Forsyth 1989; Chambers et al. 1994; Chaturvedi et 
al. 1991; Contreras et al. 1999; Halpert et al. 1980; Halpert and Neal 1981a, b; Hou et al. 1996; 
Kulkarni and Hodgson 1982; Kuo and Perera 2000; Lapadula et al. 1984; Levi and Hodgson 1985; 
Martinez-Zedillo et al. 1979; Monnet-Tschudi et al. 2000; Morgan et al. 1994; Murray and Butler 1994, 
1995; Mutch et al. 1999; Mutch et al. 2003; Nadin and Murray 1999; Pond et al. 1995; Pond et al. 1998; 
Purshottam and Srivastava 1987; Ramos and Sultatos 1998; Rowland et al. 1991; Soranno and Sultatos 
1992; Sultatos 1986; Sultatos et al. 1984; Sultatos and Gagliardi 1990; Sultatos and Minor 1986; 
Sultatos et al. 1985; Sultatos and Murphy 1983; Tang and Chambers 1999; Vargas Loza et al. 1997; 
Venera et al. 1978; Vitarius et al. 1995; Wallace and Dargan 1987; Watson et al. 1994; Zhang and 
Sultatos 1991; Zhu and Liu 1994). The primary metabolizing organ is the liver by the enzyme 
cytochrome P450 3A4. 
  
In mouse liver microsomes, the apparent Km’s for the formation of paraoxon and p-nitrophenol were 
29.6 and 26.5 μM respectively, and the apparent Vmaxs were 5.8 and 6.7 nmols/100 mg liver/min 
respectively (Sultatos 1986; Sultatos et al. 1984; Sultatos and Gagliardi 1990; Sultatos and Minor 1986; 
Sultatos et al. 1985; Sultatos and Murphy 1983). 
 
In rat liver microsomes, the kinetic curve for desulfuration of parathion is baphasic with apparent Km’s 
of 0.23 and 71.3 μM and Vmaxs of 3.62 and 4.56 nM/min/mg protein. For the dearylation reaction, 
parathion has an apparent Km and Vmax of 56 μM and 1.49 nM/min/mg protein, respectively (Ma and 
Chambers 1994, 1995). 
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Figure 1. Metabolic pathway of parathion (adapted from Benke 1975). 

 
 
In a human microsomal study, parathion demonstrated biphasic behaviors in both individual microsomal 
and pooled samples.  Its apparent Km1 and Km2 in individual microsomes were 0.30 and 165.5 μM and 
Vmax1 and Vmax2 were 290 and 821 pmol oxon/mg protein/min respectively. In pooled liver 
microsomes, parathion’s apparent Km1 and Km2 were 9.0 and 69.6 μM and Vmax1 and Vmax2 were 
106.6 and 2,478 pmol oxon/mg protein/min, respectively (Buratti et al. 2003; Ma and Chambers 1994, 
1995). Another study in human liver microsomes indicated that CYP3A4 is the major enzyme 
responsible for catalyzing parathion oxidation to paraoxon (Butler and Murray 1993, 1997). 
 
In addition to the liver, the brain is also capable of metabolizing parathion in various regions such as 
cortex, olfactory bulb/hypothalamus, striatum, cerebellum, midbrain, medulla and pons, and 
hippocampus. However, the total activity appears to be highest in the cortex (Soranno and Sultatos 
1992). 
 
1.2.4 Pharmacokinetic studies in special population 
 
There have been a number of pharmacokinetic studies in specific populations (Benjaminov et al. 1992; 
Jaramillo and Reyes 1990). Neilsen et al. conducted a pharmacokinetic study in neonatal and young 
pigs. Intravenous parathion (0.5 mg/kg) was administered to newborn, 1 week and 8 weeks old piglets. 
The total body clearance was 7, 35 and 121 ml/min/kg, respectively. Tissue distribution in all groups 
was also presented. Interestingly, the newborn piglets seemed to retain parathion in significant amounts 
in many organs such as the liver, lung, brain, heart and muscle indicating that reduced total body 
clearance in the newborn markedly influenced tissue distribution (Nielsen et al. 1991). 
 
Pregnancy also affects parathion disposition and its toxicity. Concentrations of parathion were 
significantly higher in blood and brain of pregnant mice at most times after administration (5 mg of 
parathion/kg) of parathion when compared to non-pregnant mice (Weitman et al. 1983, 1986a, b). 
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1.3 Pharmacokinetic interaction between parathion and other compounds 
 
Due to its metabolic pathway via CYP450, there are many possibilities that parathion pharmacokinetics 
may be affected by certain compounds particularly drugs, CYP450 inducers, inhibitors, other 
environmental pollutants and foods (Agyeman and Sultatos 1998; Carr et al. 2002; Chakravarty and 
Sreedhar 1982; Costa and Murphy 1984; Delaunois et al. 1999; Gelal et al. 2001; Graziano et al. 1985; 
Guilhermino et al. 1998a, b; Hurh et al. 2000a; Hurh et al. 2000b, c; Joshi and Thornburg 1986; Karanth 
et al. 2001; Miranda et al. 1998; Mourelle et al. 1986; Murphy 1980; O'Shaughnessy and Sultatos 1995; 
Purshottam and Kaveeshwar 1982; Purshottam and Srivastava 1984; Ramos and Sultatos 1998; 
Sawahata and Neal 1982; Siller et al. 1997; Wester et al. 2000). 
 
Cimetidine, a non-specific inhibitor of CYP450, was capable of antagonizing methyl parathion toxicity 
but failed to decrease parathion-induced toxicity in mice and rats (Weitman et al. 1983). Rats pretreated 
with dexamethasone, a specific inducer of CYP3A23, showed faster clearance of parathion than control 
rats (Hurh et al. 2000a). 
 
1.4 PBPK modeling of parathion and Monte Carlo simulation 
 
A PBPK model of parathion was developed by Gearhart et al. In brief, the model describes the 
metabolism of parathion to paraoxon by the liver, the inhibition of acetylcholinesterase, 
butyrylcholinesterase, and carboxylesterase by paraoxon in the brain, liver, kidneys, rapidly perfused 
tissues and the arterial and venous blood (Gearhart 1994). Physiologic parameters are available in the 
literature. (Jepson et al. 1994; Kousba and Sultatos 2002). Due to the existence of paraoxonase 
polymorphisms (Costa et al. 2003; Diepgen and Geldmacher-von Mallinckrodt 1986; Eaton 2000; 
Furlong et al. 2000; Haber et al. 2002; Laplaud et al. 1998; Lee et al. 2003; Shih et al. 1998), a 
subsequent study was conducted by using this existing PBPK model with Monte Carlo simulation to 
elaborate the effect of polymorphic paraoxonase (PON1) on its toxicity (Gentry et al. 2002). 
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Methyl Parathion 
 
2.0 Introduction 
 
Methyl parathion (O,O-dimethyl O-4-nitrophenylphosphorothioate) is a highly toxic organophosphorus 
insecticide approved for specific agricultural crops. Its use is restricted by appropriately trained certified 
pesticide applicators (Garcia et al. 2003). However, it has been used illegally indoors in certain areas of 
the Southern and Midwestern parts of the United States due to its effectiveness and low cost (ATSDR 
2001; Rubin et al. 2002), leading to an increased health risk in non-workers, children and pregnant 
women.    
 
2.1 Toxic effects 
 
Neurotoxicity is the major toxic effect of methyl parathion (MP) or its metabolite, methyl paraoxon, in 
various species caused by inhibition of acetylcholinesterase (AChE) enzymes, resulting in acetylcholine 
accumulation at postsynaptic receptors and overstimulation of cholinergic systems (Chambers and Carr 
1993; Gupta et al. 2000; Hahn et al. 1991; Ma et al. 2003).   The median lethal dose (LD50) of MP in 
mice applied orally and dermally was 14.5 and 1200 mg/kg body weight, respectively, while the dermal 
median effective dose (ED50) that caused 50% reduction in AChE was 550 mg/kg at 24 hours after 
dosing (Haley et al. 1975; Skinner and Kilgore 1982).  The developing animals are more sensitive to 
acute toxicity of MP than adults, indicating the age-related differences in sensitivity to MP exposure 
(Liu et al. 1999; Pope and Chakraborti 1992; Pope et al. 1991). 
 
In humans, manifestations of exposure to MP such as shortness of breath, nose bleeding, vomiting, 
diarrhea, abdominal cramps, headache, eye pain, blurred vision, sweating, confusion, muscle 
contraction, contact burns and erythema multiforme eruption (following dermal exposure) were 
reported. The severe neurotoxic effects include loss of coordination, slurred speech, fatigue and death 
caused by respiratory or cardiac arrest (Azaroff and Neas 1999; Fisher 1986; Karki et al. 2001; Rehner 
et al. 2000). Cranial nerve palsies and intermediate syndromes have also been reported in certain 
patients (Karki et al. 2001; Narendra et al. 1989).   
 
Other effects reported include genotoxic and mutagenic effects (Bartoli et al. 1991; Breau et al. 1985; 
Chen et al. 1981; de Cassia Stocco et al. 1982; Degraeve and Moutschen 1984; Dolara et al. 1993; 
Griffin and Hill 1978; Grover and Malhi 1985; Lodovici et al. 1994; Lodovici et al. 1997; Mathew et al. 
1990; Mathew et al. 1992; Nehez et al. 1994; Rashid and Mumma 1984; Rupa et al. 1990; Rupa et al. 
1991; Singh et al. 1984; Tripathy et al. 1987; Undeger et al. 2000; Velazquez et al. 1990; 
Vijayaraghavan and Nagarajan 1994; Wiaderkiewicz et al. 1986), effects on calmodulin (Pala et al. 
1991), effects on liver and muscle enzymes (Della Morte et al. 1994; Gupta et al. 1994; Jabbar et al. 
1990), hematoxicity (Parent-Massin and Thouvenot 1993), immunotoxic effects (Crittenden et al. 1998; 
Institoris et al. 1995; Institoris et al. 1992; Lee et al. 1979; Sunil Kumar et al. 1993; Undeger et al. 
2000), hormonal effects (Asmathbanu and Kaliwal 1997; Fatranska et al. 1978; Lukaszewicz-Hussain et 
al. 1985; Sortur and Kaliwal 1999), reproductive and developmental effects (Basha and Nayeemunnisa 
1993; Desi et al. 1998; Dhondup and Kaliwal 1997; Garcia et al. 2003; Gupta et al. 1985; Gupta et al. 
1984; Kumar and Desiraju 1992; Mahaboob Basha et al. 2001; Mahaboob Basha and Nayeemunnisa 
1993; Nagymajtenyi et al. 1995; Nayeemunnisa and Begum 1992; Sortur and Kaliwal 1999), 
embryotoxicity (Tanimura et al. 1967; Uzokwu 1974), cardiac toxicity (Howard and Pope 2002), and 
behavioral effects (George et al. 1992; Liu et al. 1994; Schulz et al. 1990; Zhu et al. 2001). 
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2.2 Pharmacokinetics   
 
2.2.1 Absorption   
 
Because of its lipid solubility, MP can be absorbed through skin; therefore, the most likely route of 
human exposure is dermal, particularly from agricultural field reentry (Abu-Qare et al. 2000).  Oral 
exposure can also occur via contaminated food or water consumption and suicidal attempt (Garcia et al. 
2003) while exposure to MP via inhalation during spraying is questionable (Kummer and van Sittert 
1986). 
 
Oral absorption   
 
MP is well and rapidly absorbed through the gastrointestinal tract following oral gavage in mice 
(Hollingworth 1967), rats (Garcia-Repetto et al. 1997; Kramer and Ho 2002; Kramer et al. 2002; 
Miyamoto 1963), guinea pigs (Miyamoto 1963), dogs (Braeckman et al. 1983),  and humans (Morgan et 
al. 1977). However, the oral bioavailability is very low (5-20%), which can be explained by a significant 
hepatic first-pass effect.  The oral absorption rate constant after 1.5-2.5 mg/kg administration of MP in 
rats was 1.2 h-1 (Kramer and Ho 2002; Kramer et al. 2002).    
 
Dermal absorption   
 
An in vitro model using human skin in a static diffusion cell system demonstrated that 5.2% of the 
applied dose of MP from a commercial formulation was present after 24 h (Sartorelli et al. 1997).  In 
adult female rats and pregnant rats, 20-50% of administered dose was absorbed following a single 
dermal dose of 10-50 mg/kg MP with the absorption rate constant of 0.41 h-1 (Abu-Qare et al. 2000; 
Kramer and Ho 2002; Kramer et al. 2002). 
 
2.2.2 Distribution 
 
Following oral and dermal administration, MP is extensively bound to plasma protein and rapidly 
distributed to tissues including placenta and fetus. Then it is slowly redistributed to the central 
compartment (Abu-Qare et al. 2000; Garcia-Repetto et al. 1997).  The highest level of MP is found in 
adipose tissue.   Distribution coefficients of adipose tissue, liver and brain in rats and mice have been 
published (Garcia-Repetto et al. 1995; Sultatos et al. 1990). The terminal half-life varies from 7.2 h to 
15 days, depending on species and gender (Abu-Qare et al. 2000; Braeckman et al. 1980; Garcia-
Repetto et al. 1997; Kramer and Ho 2002; Kramer et al. 2002).  The volume of distribution is relatively 
high (9.6 l/kg in dogs and 10.1 l/kg in female rats) (Braeckman et al. 1980; Kramer and Ho 2002). 
 
2.2.3 Metabolism 
 
MP is metabolized by hepatic and extrahepatic phase I and phase II enzymes (Figure 2.1) (Abu-Qare et 
al. 2000; Garcia et al. 2003).  Phase I metabolism include dearylation of MP, leading to the formation of 
p-nitrophenol and dimethyl thiophosphoric acid, which promotes detoxification. On the other hand, 
desulfuration by cytochrome P450 can activate MP to methyl paraoxon, the neurotoxic metabolite 
(Yamamoto et al. 1983; Zhang and Sultatos 1991).   This oxidation process is the major metabolic 
pathway of MP in the liver (Anderson et al. 1992; Sultatos 1987).  Methyl paraoxon is also formed in 
the brain. CYP2B has been demonstrated to be responsible for MP activation in rat brain extracts 
(Albores et al. 2001).  The activities of dearylation and desulfuration of MP were reduced when a low 
dose of MP was given repeatedly in rats (Yamamoto et al. 1982). 
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Figure 2.1. Metabolic pathways of MP (Benke and Murphy 1975; Garcia et al. 2003). 
 
Methyl paraoxon is then hydrolyzed by liver and plasma paraoxonase to form p-nitrophenol and 
dimethyl phosphoric acid (Garcia et al. 2003).  The correlation between LD50 of MP in rats of several 
ages and reaction rates of metabolism of methyl paraoxon, both hydrolysis and GSH-dependent 
pathways, was reported, indicating that these pathways contributed to age-related differences in MP 
toxicity (Benke and Murphy 1975).  p-Nitrophenol further undergoes glucuronidation and sulfuric 
conjugation.   
 
MP is also conjugated by glutathione S-aryl transferase to form p-nitrophenyl mercapturic acid (Di Ilio 
et al. 1995; Huang and Sultatos 1993; Sultatos and Woods 1988) and by glutathione S-alkyl transferase 
to yield S-methyl glutathione (Radulovic et al. 1987; Radulovic et al. 1986).   Furthermore, a study has 
reported another non mixed-function oxidative pathway of MP in brain tissue subfractions that 
transformed MP to its isomer (de Lima et al. 1996).   
  
2.2.4 Excretion 
 
MP is rapidly eliminated after oral and dermal administration. Renal excretion is the major route of MP 
elimination.  In rats, 75-90% of administered dose was recovered in urine and less than 10% was found 
in feces (Abu-Qare et al. 2000; Abu-Qare and Abou-Donia 2000; Hollingworth 1967; Miyamoto 1963).   
In humans, the urinary metabolites of MP are p-nitrophenol, dimethylphosphate, and unidentified 
metabolites (Morgan et al. 1977).   Therefore, p-nitrophenol has been used as a biomarker of MP 
exposure in humans (Barr et al. 2002; Chang et al. 1997; Esteban et al. 1996; Hryhorczuk et al. 2002; 
Rubin et al. 2002). 
 
2.3 Interactions 
 
MP has been reported to produce behavioral alterations when given in combination with endosulfan 
(Castillo et al. 2002) or toxaphene (Crowder et al. 1980) and more likely to induce intermediate 
syndrome when combined with parathion (De Bleecker et al. 1992).  Conversely, the inhibition of 
cholinesterase enzyme activity was significantly lowered when MP was administered with either 
chlorpyrifos or diazinon, which could be due to competition for cytochrome P-450 enzymes, resulting in 
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inhibition of oxon formation (Abu-Qare et al. 2001; Abu-Qare and Abou-Donia 2001).  Moreover, 
cimetidine, chlordecone, mirex and linuron, gentamicin and rifamycin, polychlorinated biphenyls 
(PCBs), and permethrin have also been demonstrated to change the toxicity of MP (Carr et al. 2002; 
Joshi and Thornburg 1986; Ortiz et al. 1995; Tvede et al. 1989; Youssef et al. 1987). No interactions 
with acetaminophen and hexachlorocyclohexane (HCH) have been reported (Costa and Murphy 1984; 
Dikshith et al. 1991). 
 
 
2.4 PBPK models 
 
One- to three-compartment classical models has been used to fit the blood concentration data following 
intravenous, oral, and dermal administration (Abu-Qare et al. 2000; Braeckman et al. 1983; Braeckman 
et al. 1980; Kramer and Ho 2002; Kramer et al. 2002).  No PBPK models for MP have been published. 
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Chlorpyrifos 

 
3.0 Introduction 
 
Chlorpyrifos (O,O-diethyl O-(3,5,6-trichloro-2-pyridyl) phosphorothiolate) is an OP pesticide with 
restricted uses in the U.S.  It is produced in the U.S. and marketed under various trade names, including 
Dursban®, Lorsban®, and other names (ATSDR 1997).   Chlorpyrifos (CP) has been used against pests 
in turfgrass, commercial agriculture, and in residential settings, although indoor uses have been 
restricted.  CP has been found in drinking water supplies, although often at low levels (ATSDR 1997). 
 
3.1 Toxic Effects 
 
Numerous systemic effects of CP have been reported, but the critical effect for risk assessment is 
inhibition of acetylcholinesterase by CP or CP-oxon (ATSDR 1997).  This can result in headache, 
diaphoresis, nausea, vomiting, diarrhea, epigastric cramping, bradycardia, blurred vision, miosis, 
bronchoconstriction and excess mucous secretions, pulmonary edema, dyspnea, muscle fasciculations, 
salivation, lacrimation, urination, tremors, anxiety, drowsiness, confusion, ataxia, abnormal gait, 
hypotension, and memory impairment (Ballantyne and Marrs 1992). 
 
Neurodevelopmental effects have also been described (Auman et al. 2000; Campbell et al. 1997; Carr et 
al. 2001; Chakraborti et al. 1993; Chanda and Pope 1996; Crumpton et al. 2000; Dam et al. 1999; Dam 
et al. 1998, 2000, 2003; Das and Barone 1999; Garcia et al. 2002; Garcia et al. 2003; Gore 2001, 2002; 
Howard and Pope 2002; Jett et al. 2001; Lassiter et al. 1998; Levin et al. 2002; Levin et al. 2001; 
Olivier et al. 2001; Qiao et al. 2002; Qiao et al. 2001; Qiao et al. 2003; Raines et al. 2001; Richardson 
and Chambers 2003; Roy et al. 1998; Sachana et al. 2001; Slotkin et al. 2001; Slotkin et al. 2002; Song 
et al. 1998; Tang et al. 1999; Whitney et al. 1995; Won et al. 2001).  Some of these studies suggested 
that developmental neurotoxicity occurred at lower exposure levels than did acetylcholinesterase 
inhibition in adult animals, and developmental neurotoxicity may be worthy of consideration in future 
risk assessments (Abdel-Rahman et al. 2002). 
 
3.2 Pharmacokinetics 
 
3.2.1 Absorption 
 
CP is well absorbed through the gut after oral exposure to CP in drinking water or food.  In humans or 
rodents, 70-90% of the oral dose was absorbed (Ahdaya et al. 1981; Bakke et al. 1976; Nolan et al. 
1984; Smith et al. 1967).  Only 3% of the dermal dose was absorbed; (Nolan et al. 1984) however, this 
is dependant on the vehicle.  When acetone was used as vehicle in another study, 46-99% of the dose 
was absorbed (Shah et al. 1987).  Absorption rates through the gut (Cook and Shenoy 2003) and skin 
(Griffin et al. 2000; Sartorelli et al. 1998) have been quantified. 
 
3.2.2 Distribution 
 
CP rapidly distributes to tissues after absorption (Shah et al. 1987; Shah et al. 1981; Smith et al. 1967).   
 
3.2.3 Metabolism 
 

                                     C-25



USEPA Contract No. 3C-R102-NTEX                             Principal Investigator/Program Director (Last, first, middle): Yang, Raymond S. H.  

CP is primarily metabolized in the liver due to the high concentration of cytochrome (CYP) P450s in 
that organ (Ma and Chambers 1994; Sultatos and Murphy 1983b).  CP is rapidly bioactivated to CP-
oxon by multiple isoforms of CYP P450.  Both CP and CP-oxon are hydrolyzed by acetylcholinesterase 
to 3,5,6-trichloro-2-pyridinol (TCP), diethyl thiophosphate, and diethyl phosphate (Bakke et al. 1976; 
Nolan et al. 1984; Smith et al. 1967; Sultatos et al. 1985; Sultatos and Murphy 1983a, b).  The principal 
metabolic pathways are shown in Figure 3.1 below. 
 

Figure 3.1 
Principal Metabolic Pathways for Chlorpyrifos 
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For risk assessment or PBPK model development, studies of metabolism are often used, but further 
incorporation of pharmacodynamic responses such as acetylcholinesterase inhibition would improve the 
risk assessment or PBPK model development.  Therefore, either type of study is included in this review.  
Several human pharmacokinetic (PK) or biomonitoring studies have been conducted (Cocker et al. 
2002; Drevenkar et al. 1993; Fenske et al. 2002; Sams and Mason 1999).  
 
A number of animal studies have been conducted addressing PKs, binding, cholinestase inhibition, or 
other endpoints with CP (Abdel-Rahman et al. 2002; Atterberry et al. 1997; Bushnell et al. 1994; 
Bushnell et al. 1993; Carr and Chambers 1996; Carr et al. 2002; Carr et al. 1995; Chanda et al. 1997; 
Chiappa et al. 1995; Cowan et al. 2001; Hunter et al. 1999; Karanth and Pope 2000; Lassiter et al. 1999; 
Li et al. 2000; Li et al. 1995; Liu et al. 1999; Mattsson et al. 2000; Mortensen et al. 1996; Mortensen et 
al. 1998; Moser et al. 1998; Moser and Padilla 1998; Padilla et al. 2000; Padilla et al. 1994; Pond et al. 
1995; Pond et al. 1998; Stanton et al. 1994). 
 
Fetal transfer of CP or metabolites was assessed in several studies, including two recent ones (Abdel-
Rahman et al. 2002; Ashry et al. 2002). 
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In vitro PK studies with CP have been conducted.  These include studies using cell lines (Barber and 
Ehrich 2001; Ehrich et al. 1997; Monnet-Tschudi et al. 2000), microsomes (Buratti et al. 2003; Katz et 
al. 1997; Ma and Chambers 1994; Poet et al. 2003; Sams et al. 2000; Tang et al. 2001; Usmani et al. 
2003), antibodies (Buratti et al. 2003), tissue slices (Liu et al. 2002), or other systems (Amitai et al. 
1998). 
 
Genetic polymorphisms relevant to CP metabolism have been described (Brophy et al. 2000; Costa et al. 
1999; Costa et al. 2003; Dai et al. 2001; Furlong et al. 2000a; Furlong et al. 1998; Furlong et al. 2000b). 
 
3.2.4 Excretion 
 
Most metabolites are found as conjugated metabolites of TCP in the urine.  The half-life of elimination 
in rats was 10-16 hours in most tissues and 62 hours for fat (Smith et al. 1967).  The half life for 
elimination in humans was estimated at 27 hours (Nolan et al. 1984). 
 
3.3 Interactions with other OP pesticides 
 
Interactions of CP with other OP pesticides have been studied (Axelrad et al. 2002; Karanth et al. 2001; 
Richardson et al. 2001; Tang et al. 2002; Usmani et al. 2002). 
 
3.4 PBPK models for chlorpyrifos 
 
One group has developed PBPK models for CP (Timchalk et al. 2002a; Timchalk et al. 2002b).  These 
models were based on adult rat and human exposures in gavage, dietary, or dermal studies in a seven-
compartment model structure.  They included saturable metabolism of CP by CYP and “a-esterases,” 
and binding of CP-oxon to “b-esterases” as a second order process.  Regeneration of b-esterases was 
also included. 
 
A classical PK model for CP was also described (Rigas et al. 2001). 
 
The Timchalk et al. CP PBPK model could be adapted for use in a PBPK-model based risk assessment.  
Adaptation should include alteration for drinking water scenarios.  Also, during the process of 
determining the common mechanism of toxicity for a mixture of OP pesticides, if developmental 
neurotoxicity is an important part of the risk assessment, PBPK models for relevant endpoints in the 
fetus or neonates should be considered. 
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Diazinon 

 
 

4.0 Introduction 
 
Diazinon (O,O-diethyl O-2 isopropyl-6-methylpyrimidinyl phosphothiolate) is an organophosphate 
insecticide that is used in agriculture and as a topically applied pesticide in animal use (ATSDR 1996; 
Garfitt et al. 2002; USEPA 2003).  It is a colorless liquid and was available as granules, emulsifiable 
concentrate, dust, and wettable powder.  It is soluble in most organic solvents and is stable in neutral 
media but is slowly hydrolyzed in alkaline media and more rapidly in acidic media (HSDB 2003).   
 
4.1 Toxic effects 
 
Many effects have been determined to occur in chronic bioassays in laboratory animals.  Some of the 
target organs affected include the respiratory, kidney, cardiovascular, gastrointestinal, hematological, 
hepatic, endocrine, lymphatic, reproductive (ATSDR 1996), immune (Galloway and Handy 2003), and 
nervous systems (Gordon and Mack 2003). 
 
Acute oral LD50s in rats between 76 and 408 mg/kg have been reported (ATSDR 1996).  Dermal 
LD50’s in rats ranged between 455 and 1100 mg/kg (ATSDR 1996). 
 
Diazinon has been reported to cause genotoxicity in a number of assays, including in the S. 
typhimurium, mouse lymphoma cell forward mutation assay, and Chinese hamster cell chromosomal 
aberration assay, but was negative in several other assays (ATSDR 1996; Hatjian et al. 2000).   
 
Risk assessment for exposure to diazinon, however, has generally been based on inhibition of brain 
acetylcholinesterase (AChE) as the critical endpoint of toxicity (ATSDR 1996).  As with other OP 
pesticides, the mode of action of diazinon is inhibition of AChE in the central and peripheral nervous 
system.  Diazinon is a weak inhibitor of AChE while the oxon analog is much more potent.  Therefore, 
activation by mixed function oxygenases, primarily in the liver, is an important bioactivating step.  
Other metabolic pathways (see Figure 4.1 below) are generally detoxifying.  Symptoms of acute toxic 
exposure include vomiting, unconsciousness, giddiness, sweating, diarrhea, tachycardia, muscle 
fasciculations, abdominal pain, and bronchospasm (ATSDR 1996). 
 
ATSDR has published an oral Minimal Risk Level for intermediate term exposure to diazinon of 0.0002 
mg/kg/day (ATSDR 1996).  USEPA established a chronic reference dose (RfD) of 0.0002 mg/kg/day in 
the diet (USEPA 2000). 
 
 
4.2 Pharmacokinetics 
 
Diazinon pharmacokinetics are qualitatively similar to other organophosphate pesticides described in 
this report.   
 
4.2.1 Absorption 
 
Several oral absorption studies have been performed.  85% of the single oral dose of 4.0 mg/kg diazinon 
was absorbed by Beagle dogs in one study (Iverson et al. 1975).  Other oral absorption studies were 
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conducted in rats, goats, sheep and cows (Abdelsalam and Ford 1986; Janes et al. 1973; Machin et al. 
1974; Machin et al. 1971; Mount 1984; Wu et al. 1996a).  In a dermal study, human volunteers absorbed 
34% of the dose applied to the abdomen or forearm for 24 hours (Wester et al. 1993). 
 
4.2.2 Distribution 
 
Diazinon is found widely distributed in all tissues examined after oral absorption (Abdelsalam and Ford 
1986; de Blaquiere et al. 2000; Janes et al. 1973; Machin et al. 1974; Machin et al. 1971; Mucke et al. 
1970; Tomokuni and Hasegawa 1985; Tomokuni et al. 1985).  No studies of distribution after inhalation 
or dermal exposures are available.  After an i.v. dose of 0.2 mg/kg in ethanol, the terminal halflife was 
1.5 hours (Iverson et al. 1975).  Distribution coefficients for diazinon were reported (Garcia-Repetto et 
al. 1995). 
 
4.2.3 Metabolism 
 
The principal metabolic pathways of diazinon are shown in Figure 4.1.   
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Figure 4.1  Principal metabolic pathways for diazinon.  Adapted from Poet, 2003. 

P450 

 
Diazinon is subject to oxidative desulfurization and hydrolysis of the ester.  Hydrolysis of the ester can 
occur before or after desulfurization, i.e., either diazinon or diazoxon can be hydrolyzed to yield 2-
isopropyl-4-methyl-6-hydroxypyrimidine (IMHP) and either diethylphosphate or diethylthiophosphate 
(Iverson et al. 1975; Machin et al. 1975; Mucke et al. 1970); however, the P450 catalyzed oxidative 
cleavage of phosphorothioate (i.e., diazinon) triester bond is much more efficient (Yang et al. 1971).  
Desulfurization is mediated by cytochrome P450 isoenzymes while oxidative cleavage or hydrolysis is 
mediated by cytochrome P450 or various esterases, respectively (Poet et al. 2003b; Walker and 
Mackness 1987).  Diazinon and its metabolites may also be oxidized at alkyl carbons (Aizawa 1989; 
Yang et al. 1971). 
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In a human self-poisoning case, diazinon was found in serum and monoethyl phosphate, diethyl 
phosphate, and diethyl phosphorothioate were detected in the urine (Klemmer et al. 1978).  In rat liver 
microsomes, diazoxon hydrolysis occurred without NADPH (Yang et al. 1971).   
 
Rates of metabolism in rat liver and intestinal microsomes of diazinon and diazoxon were recently 
reported by Poet and coworkers.  The authors measured CYP450 mediated oxidative desulfurization (to 
form diazoxon) or hydrolysis (to form IMHP and diethylthiophosphate) as well as hydrolysis by esterase 
(PON1) in microsomes from both tissues.  Based on the measured rates, the authors conclude that 
intestinal metabolism may be important, especially for low level oral doses (Poet et al. 2003b).  Also in 
microsomes, Vittozzi et al. measured the activity of expressed cytochrome P450s for desulfurization and 
hydrolysis (Vittozzi et al. 2001).  Significant activity was obtained for all nine cytochrome P450s tested 
that varied over about one order of magnitude (CYP2C19, 3A4, 2B6, 1A2, 1A1, 2C8, 2C9, 2D6, and 
2A6).   A separate study by the same group indicated that CYP2C11, 3A2, and 2B1/2 were involved but 
that 2E1 and 1A1 were not (Fabrizi et al. 1999).  Kappers et al. indicated that CYP2C19 was the major 
isoform involved in diazinon metabolism, but that others such as CYP1A2 and CYP3A4 may also be 
showing some activity (Kappers et al. 2001).  However, using immunoinhibition and other techniques, 
Buratti and coworkers found that the principal isoforms involved in diazinon metabolism were CYP3A4, 
1A2, and 2B6 (Buratti et al. 2003), while Sams et al. felt that CYP 2D6 and 3A4 were the most 
important isozymes (Sams et al. 2000). 
 
Toxicity and acetylcholinesterase inhibition was studied in PON1 knockout mice (Li et al. 2000). 
 
Rates of inhibition of acetylcholinesterase were measured in some studies (Kamal and Al-Jafari 2000). 
 
4.2.4 Excretion 
 
Most diazinon is excreted as metabolites in urine, while smaller amounts are excreted in feces or, after 
extensive metabolism, as CO2 in expired air.  Approximately 75% of a 4.0 mg/kg oral dose to rats was 
excreted as urinary metabolites, 20% in the feces, and about 6% as CO2 (Mucke et al. 1970).  
Approximately 85% of total label was recovered in a 24 hour urine sample from dogs receiving a single 
oral dose of diazinon. After an i.v. dose, the dogs excreted approximately 58% of the label in urine 
(Iverson et al. 1975).  In human volunteers, urinary excretion of diethyl phosphate and diethyl 
thiophosphate was reported after oral and dermal dosing (Cocker et al. 2002; Garfitt et al. 2002).  
Diazinon has been found in hair (of rabbits) as a potential biomarker of exposure (Tutudaki et al. 2003).  
Blood cholinesterase inhibition has also been used as a biomarker for diazinon exposure (Nigg and 
Knaak 2000). 
 
4.2.5 Special populations and variability 
 
Several studies have suggested high variability in human metabolism of diazinon (Buratti et al. 2003; 
Kappers et al. 2001).  Polymorphisms in PON1 have been described (Brophy et al. 2000; Cherry et al. 
2002; Costa et al. 2003; Davies et al. 1996; Mackness et al. 2003). 
 
4.3 Interactions with other chemicals 
 
The toxicity was increased and pharmacokinetics of diazinon were affected by cimetidine (Wu et al. 
1996b).  Interactions between diazinon and methyl parathion were reported in the blood and brain of 
pregnant rats and the fetus after a single dermal dose (Abu-Qare and Abou-Donia 2001).  Neurite 
outgrowth was assessed for mixtures of diazinon and chlorpyrifos (Axelrad et al. 2002). 
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4.4 Diazinon PBPK models 
 
One PBPK model for diazinon has been published in abstract form (Poet et al. 2003a).  The model 
incorporated an oral exposure route, desulfurization and “hydrolysis” (an oxidation reaction actually) by 
a CYP450 enzyme, hydrolysis of the oxon by PON1 in liver and blood, and second order binding and 
inhibition and regeneration of B-esterases in the liver, blood, diaphragm, and brain.   
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Fenthion 

 
5.0 Introduction 
 
Fenthion [O,O-dimethyl O-(4-(methylthio)-m-tolyl) phosphorothioate, (DMTP), Figure 1] is an 
organophosphorus insecticide used against mosquitoes, pests and bugs (EXTOXNET 1996).  It is 
available in dust, emulsifiable or liquid concentrate, and granular and wettable powder formulations.  
Fenthion is soluble in organic solvents such as DMSO, acetone, methanol and ether, but not in water 
(NTP 2003). 
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Figure 5.1: Chemical structure of fenthion 
 

 
5.1 Toxic effects 
 
Fenthion is moderately toxic to laboratory animals (mice, rats, guinea pigs and rabbits). The acute oral 
and intraperitoneal LD50’s varied from approximately 125 to >1000 mg/kg body weight (DuBois and 
Kinoshita 1964; IPCS 1971; Ma 1995).  Mortality of rats orally treated with fenthion in subchronic 
studies (30 mg/kg for 13 weeks, or 5.0 mg/kg for 3 months) was reported (NIH 1979). 
 
Fenthion predominately causes cholinergic toxicity in animals and humans.  Its oxon inhibits plasma, 
erythrocyte and brain cholinesterase activity (Bai et al. 1990; De Bleecker et al. 1994; Dellinger and 
Mostrom 1988; Ma 1995; Misra et al. 1985; Misra et al. 1994; Tsatsakis et al. 2002; Tsatsakis et al. 
1998).  An acute no-observed-adverse –effect-level (NOAEL) of 0.07 mg/kg/day was determined in a 2-
year oral monkey study (USEPA 1999a, 2001).  Other effects unrelated to cholinergic mechanisms, 
however, were also reported (Bagchi et al. 1995; Bagchi et al. 1996; Cova et al. 1995; Kojima et al. 
1992). 
 
Fenthion did not show mutagenic effect in the bacterial reverse mutation test or the in vitro chromosome 
aberration test in Chinese hamster ovary cells, but did in unscheduled DNA synthesis study and mouse 
micronucleus assays (USEPA 1999a).  In a 103-week chronic feeding study, no elevated incidence of 
tumor was observed in both sexes of F344 rats and female B6C3F1 mice; a slightly increased incidence 
of sarcomas, fibrosarcomas, and rhabdomyosarcomas of the integumentary system in male B6C3F1 
mice was observed (NIH 1979).  Fenthion is not considered a carcinogen (Ma 1995; USEPA 1999a). 
 
5.2 Pharmacokinetics 
 
5.2.1 Absorption 
 
Depending on application, fenthion may be absorbed from the gastrointestinal tract, skin and respiratory 
tract. The former two pathways, however, have been more intensively studied. Generally, fenthion is 
readily absorbed from GI tract. Blood levels peak a few hours after oral dosing in rats (Ma 1995), rabbits 
(Emteres et al. 1985) and lactating goat (Ma 1995). Absorption was almost complete (96-100% at 72 
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hours) and not dose-dependent (at 10 or 100 mg/kg) in Wistar rats fasted for 16-24 hour before gavage 
(Ma 1995). 
 
Dermal absorption of fenthion is slow and incomplete. Eighteen hours after a single dermal dose, 
prepared as an application formulation, in pigs or lactating cows, the tissue residue levels were generally 
low, whereas at the application site the levels were much higher (Ma 1995).  USEPA set a dermal 
absorption factor as 20% in 1996 and re-set it as 3% in 1999 based on the LOAEL’s (lowest observed 
adverse effect level) of cholinesterase inhibition from an oral development toxicity study and a 21-day 
dermal toxicity study in rabbits (USEPA 1999b). 
 
5.2.2 Distribution 
 
From the limited information on its distribution in body, fenthion and its metabolites had relatively high 
concentration in fat, liver and kidney (EXTOXNET 1996).  In milk from fenthion-treated dairy cows, 
the fenthion level was 50 times higher in the “fat” fraction than that in the “non-fat” fraction (O'Keeffe 
et al. 1983). 
 
5.2.3 Metabolism 
 
Principal metabolic pathways are shown in Figure 5.2.  Fenthion has several possible oxidative 
metabolites in body such as sulfoxide (SO), sulfone (SO2), oxygen analogue (P=O), oxygen analogue 
sulfoxide (P=O, SO) and sulfone (P=O, SO2) (Wright and Riner 1979).  Of them, the oxygen analogues 
are bioactivated forms with higher anti-cholinesterase activity (IPCS 1971, 1976). 
 
Incubated with rat liver microsomes, fenthion was oxidized to oxygen analogue and fenthion sulfoxide.  
Fenthion sulfone, however, was not detected.  The main enzymes involved were cytochrome P450s 
(especially CYP1A1) and flavin-containing monooxygenase (Kitamura et al. 2003; Venkatesh et al. 
1991).  In liver cytosol of rats, fenthion sulfoxide was reduced to fenthion catalyzed by aldehyde oxidase 
(Kitamura et al. 2003). 
 
14C-Fenthion was extensively metabolized in rats (Ma 1995).  No unchanged parent compound was 
detected in the urine and very little (< 2%) in the feces.  The major group of metabolites (about 60% of 
the total label) was composed of the three phenols (phenol fenthion, phenol sulfoxide and phenol 
sulfone) and their glucuronide and sulfate conjugates.  Four demethyl metabolites accounted for about 
30% of the label, whereas the oxygen analogue sulfoxide constituted only 1-4%. The metabolite profiles 
were not affected by dosing route, dose, sex or pre-treatment with fenthion. 
 
In pigs, fenthion was oxidized to fenthion sulfoxide, fenthion sulfone, oxygen analogue and oxygen 
analogue sulfoxide and sulfone.  These metabolites were further hydrolyzed and excreted via urine in 
conjugated forms (Ma 1995). 
 
No data from human studies is available. 
 
 
 
 
 
 
 

                                     C-41



USEPA Contract No. 3C-R102-NTEX                             Principal Investigator/Program Director (Last, first, middle): Yang, Raymond S. H.  

 
 
 
 

SCH3

CH3

OP

S

CH3O

CH3O

SCH3

CH3

OP

S

CH3O

CH3O
O

SCH3

CH3

OP

S

CH3O

CH3O
O

O

SCH3

CH3

OP

O

CH3O

CH3O

SCH3

CH3

OP

O

CH3O

CH3O
O

SCH3

CH3

OP

O

CH3O

CH3O
O

O

SCH3

CH3

OP

S

HO

CH3O

SCH3

CH3

HO

SCH3

CH3

HO

O

SCH3

CH3

HO

O

O

Fenthion
Fenthion sulfoxide

Fenthion sulfone

Fenthion oxygen analogue

Fenthion oxygen analogue sulfoxide

Fenthion oxygen analogue sulfone

Demethylated fenthion

Phenol fenthion

Phenol fenthion sulfoxide

Phenol fenthion sulfone

Figure 5.2: Proposed metabolism pathways of fenthion in the rats.   
Adapted from Ma, 1995. 

 
 
5.2.4 Excretion 
 
Fenthion was rapidly eliminated after a single dose in Wistar rats, over 90% of the administered 
radiolabel being excreted within 48 hours, and less than 1% retained 72 hours after treatment (Ma 1995).  
In pigs and dairy cows rapid elimination and low bioaccumulation were also observed (Ma 1995).  In 
New Zealand white rabbits, the halflife of a single dose (20mg/kg) was about 11-12 hours regardless the 
route of administration (Emteres et al. 1985). 
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The polar metabolites of fenthion are mainly excreted via urine in rats, pigs and dairy cows (Ma 1995).  
Milk is a significant pathway for the elimination of the parent compound from lactating dairy cows 
(IPCS 1971; O'Keeffe et al. 1983; Wright and Riner 1979).  
 
5.3 Interactions of fenthion with other OP pesticides 
 
Fenthion potentiated the acute intraperitoneal toxicity of malathion, dioxathion, and coumaphos in rats, 
but intraperitoneal administration of 13 other organophosphate or carbamate insecticides to rats in 
combination with fenthion did not result in greater than additive toxic effects (Ma 1995).  Dietary 
combination of equitoxic doses (2 mg/kg) of fenthion with coumaphos, neither of which alone affected 
cholinesterase activity when fed to dogs for six weeks, was found to potentiate the anticholinesterase 
activity in serum and erythrocytes by 75 and 30%, respectively.  The potentiation was less evident with 
malathion, and no potentiation was noted with dioxathion (Ma 1995).  Pretreatment with fenthion 
significantly potentiated the acute toxicity of 2-sec-butylphenyl N-methycarbamate (BPMC) in mice and 
dogs, which may be a result of the inhibited detoxification of the carbamate (Ma 1995; Miyaoka et al. 
1984; Miyaoka et al. 1987). 
 
5.4 PBPK models 
 
No PBPK models on fenthion have been reported yet. 
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Fenitrothion 

 
6.0  Introduction 
 
Fenitrothion (O,O-dimethyl O-(3-methyl-4-nitrophenyl) phosphorodithioate), also commonly called 
Sumithion™, is an organophosphorus insecticide and was registered for use in ant and roach bait. There 
are no approved domestic food or feed uses for fenitrothion, and exposure to fenitrothion in the U.S. is 
minimal. However, fenitrothion is used in countries to control pests on crops, stored grains, and cotton. 
Fenitrothion is also used elsewhere in forest spraying and public health campaigns. As a result, the 
human health effects associated with exposure to fenitrothion remain a concern, especially among 
pesticide workers and applicators whose acute exposure to organophosphorus pesticides can sometimes 
occur at levels high enough to inhibit blood acetylcholinesterase activity (Nigg and Knaak 2000; Ohayo-
Mitoko et al. 2000; Satoh and Hosokawa 2000). 
 
Degradation rates reported for fenitrothion are as follows: 
• Soil and groundwater → T1/2 < one week (Meister 1994; U.S.EPA 1987)  
• Surface water → T1/2  = 1.5-2 days (Novathion 1987)  
• Surface water in dark → T1/2  = 21.6 - 49.5 days (Novathion 1987)  
• Plants → T1/2  = 1-2 days (Möllhoff 1968)  
• Plants (fenitrooxon) →T1/2  = few hours  (Möllhoff 1968)  
 
6.1  Toxic effects 
 
Like other organophosphorus compounds, fenitrothion acts in the organism as a cholinesterase inhibitor,  
after conversion to fenitrooxon. Some evidence indicates that acetylcholinesterase inhibition in brain 
depends more on the rate of penetration than on the rate of oxidation and decomposition of fenitrothion 
(JMPR 1988; Miyamoto 1969). Fenitrothion appears to affect cytochrome P450 enzyme activity in the 
liver and testes of rats (Clos et al. 1994; Gradowska-Olszewska et al. 1984).  
 
Fenitrothion has anticholinesterase activity and moderate acute toxicity with oral LD50 values in rats and 
mice ranging from 330 to 1,416 mg/kg body weight (Miyamoto et al. 1963b). Acute dermal toxicity in 
rodents is reported to range from 890 to more than 2,500 mg/kg body weight (WHO 1992). The LC50 
value in rats exposed for 8 h is estimated to be more than 186 mg/m3 (WHO 1992). In short-term studies 
on rats and dogs, no-observed-adverse-effect levels (NOAELs) based on brain cholinesterase activity 
were 10 mg/kg diet and 50 mg/kg diet, respectively. Long-term studies on rats and mice indicated a 
NOAEL of 10 mg/kg diet (WHO 1992). An acceptable daily intake (ADI) of 0.003 mg/kg body weight 
was established in 1984 (WHO 1986), but no occupational exposure limits (OEL) have been published.  
No carcinogenic effects were found in any of the long-term fenitrothion studies (WHO 1992). 
Fenitrothion was not found to be mutagenic in in vitro and in vivo studies or teratogenic at doses of up to 
30 mg/kg body weight in rabbits and up to 25 mg/kg body weight in rats (Benes et al. 1975; WHO 
1992).  Other toxicity studies have been conducted (Chevalier et al. 1982; Groszek et al. 1995; Khan et 
al. 1990; Misu et al. 1966; Myatt et al. 1975; Trottier et al. 1980; Yoshida et al. 1987). Fenitrothion has 
also been shown to be neurotoxic, immunosuppressive, a pulmonary toxicant, and cause disturbances of 
prenatal development (Berlinska and Sitarek 1997; Kunimatsu et al. 1996; Khan et al. 1990; Lehotzky 
and Ungvary 1976).  
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In a field spraying operation in Nigeria and Kenya, humans exposed to fenitrothion exhibited depressed 
plasma cholinesterase activity (Ohayo-Mitoko et al. 2000; Vandekar 1965; Wilford et al. 1965). A study 
of fenitrothion on 24 human subjects was also conducted and showed that both plasma and 
cholinesterase activity was not depressed in all but one case (Nosal and Hladka 1968). Fenitrothion has 
been reported as causing “intermediate syndrome” due to acute poisoning (Groszek et al. 1995). 
 
The presence of chemicals in the environment that have antiandrogenic activity and thus the ability to 
disrupt the endocrine system is a source of concern. In several studies fenitrothion has been shown to be 
a competitive androgen receptor antagonist both in vivo and in vitro (Curtis 2001; Sohoni et al. 2001; 
Tamura et al. 2001; Turner et al. 2002). One study, however, exhibited fenitrothion not having 
significant androgenic or antiandrogenic activity in vivo (Sunami et al. 2000).  Fenitrothion might also 
alter estradiol metabolism by inhibition of certain P450 enzymes and produce changes in adrenal 
function (Berger and Sultatos 1997; Yamamoto et al. 1982b). 
 
6.2 Pharmacokinetics 
 
Various studies in mouse, rat, guinea pig, and humans have dealt with the pharmacokinetic and 
biochemical aspects of fenitrothion and its metabolites (Aprea et al. 1999; Douch et al. 1968; Hladka 
and Nosal 1967; Hollingworth et al. 1967; Meaklim et al. 2003; Miyamoto 1964a; Miyamoto 1964b; 
Miyamoto and Sato 1969; Miyamoto 1969; Miyamoto et al. 1963a; Nishizawa et al. 1961; Vandanis and 
Crawford 1964).  

 
6.2.1  Absorption 
 
Fenitrothion is presumably rapidly absorbed from the mammalian intestinal tract when given orally. 
Additionally, it can also be absorbed by the intact skin and by inhalation. (Kohli et al. 1974; Moody and 
Franklin 1987; Moody et al. 1987). 

 
6.2.2  Distribution 
 
The presence of the oxygen analogue was demonstrated in all tissues examined (brain, heart, lung, liver, 
kidney, spleen, and muscle), and it was detectable in blood one min after intravenous injection of 
fenitrothion (Muller 2000).  

 
6.2.3  Metabolism 
 
The oxygen analogue is the most important metabolite with respect to toxicity. It is formed in the 
microsomal fraction of the cell, the main organs responsible for the transformation being the liver and 
kidney. The major excretion product found is 3-methyl-4-nitrophenol which can be oxidized further to 
3-carboxyl-4-nitrophenol. Other metabolites are the dimethyl derivatives, which, with increasing dose, 
are excreted in increasing amounts. Nine metabolites have been isolated, most of which have also been 
identified. In vitro, formation of the oxygen analogue depended on the availability of reduced nicotine 
adenine dinucleotide phosphate (NADPH2) and oxygen (Miyamoto et al. 1963a; Miyamoto 1969). Liver 
slices incubated with fenitrothion did not produce measurable amounts of fenitrooxon, while liver 
homogenates and the supernatant fraction of such homogenates appreciably activated added fenitrothion 
(Miyamoto et al. 1963a; Miyamoto 1969). No correlation between the toxicity and rate of formation of 
fenitrooxon could, however, be demonstrated (JMPR 1988; Miyamoto et al. 1963a; Miyamoto 1969). 
No observations were made in these studies on the distribution into fatty tissues, but studies of residues 
in milk, meat, and fat from cattle indicated the presence of approximately 0.001 mg/kg in these samples 
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(JMPR 1988; Miyamoto and Sato 1969). Other studies involving the metabolism of fenitrothion have 
been described (Anjum and Qadri 1986; Kasagami et al. 2002; Sultatos 1991; Yamamoto et al. 1983; 
Yamamoto et al. 1982; Yoshida et al. 1975).  
 

Figure 6.1: Metabolic pathway of fenitrothion in vivo (Kumar et al. 1993). 
 

Esterase 

CYP450 

CH3

O NO2P
S

CH3O O-CH3

CH3

OP
O

CH3O O-CH3

NO2

CH3

OH NO2P
S

CH3O O-CH3

OH

Fenitrothion 

Fenitroxon 

P
O

CH3O
OH

O-CH3 CH3

OH NO2

+

+

CYP450 

 
  

6.2.4  Excretion 
 
Fenitrothion and its metabolites are excreted mainly in the urine (90-95%) (Aprea et al. 1999; 
Hollingworth et al. 1967). Up to 10% was recovered in feces (Hollingworth et al. 1967). Within three 
days nearly complete recovery of an orally administered dose (15 mg/kg) could be obtained 
(Hollingworth et al. 1967). The ratios between the amounts of metabolites was dependent upon the dose 
given (Hollingworth et al. 1967). Other urinary excretion studies have been described (Aprea et al. 
1999; Hladka and Nosal 1967; Kojima et al. 1989; Nosal and Hladka 1968). 
 
6.3  Interactions of fenitrothion with other chemicals 
 
Interactions of fenitrothion with other compounds such as malathion (Hladka et al. 1974), diethyl 
maleate (Sultatos et al. 1991), 2-sec-butylphenol methylcarbamate (BPMC) (Takahashi et al. 1984), and 
N,N-diethyl-m-toluamide (DEET) (Moody et al. 1987) have also been studied. 
 
6.4 PBPK models 
 
To date there are no published PBPK models for fenitrothion; however, there are numerous 
pharmacokinetic data that could be used in model development (Aprea et al. 1999; Douch et al. 1968; 
Hladka and Nosal 1967; Hollingworth et al. 1967; Kojima et al. 1989; Meaklim et al. 2003; Meaklim 
and McNeil 1999; Miyamoto 1964a; Miyamoto 1964b; Miyamoto and Sato 1969; Miyamoto 1969; 
Miyamoto et al. 1963a; Muller 2000; Nishizawa et al. 1961; Nosal and Hladka 1968; Vandanis and 
Crawford 1964). 
 
6.5  Literature Cited 
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Chloroform 

 
7.0 Introduction 
 
Chloroform (trichloromethane, CHCl3) is a dense liquid that is insoluble in water and volatile under 
environmental conditions (McCulloch 2003).  The major domestic use for chloroform is in the 
manufacture of refrigerant HCFC-22 (Chemical Marketing Reporter 1995).  Chloroform is also used as 
a laboratory reagent and extraction solvent for pharmaceuticals.  A significant amount of chloroform has 
been released to the environment as a by-product of the treatment of drinking and waste waters and 
through reactions of chlorine with organic chemicals (Meek et al. 2002). 
 
7.1 Mechanisms of toxicity 
  
Oral and inhalation exposures to chloroform cause toxicity to the liver, kidney, and nasal epithelium 
(USEPA 2001).  Chloroform can also cause reproductive or developmental toxicity, although most of 
the effects are secondary to maternal toxicity (USEPA 2001).  Increased incidences of liver and kidney 
tumors have been observed in several animal species after exposures to chloroform via several routes, 
although there is no adequate human data for carcinogenicity (USEPA 2001).  The mode of toxicity of 
chloroform is probably through oxidative metabolism to form phosgene (Pohl et al. 1977), which can 
react to form covalent bonds with microsomal proteins (Corley et al. 1990; Rosenthal 1987).  
 
7.2 Pharmacokinetics 
 
7.2.1 Absorption 
  
Chloroform is generally absorbed rapidly in humans and animals.  It is easily absorbed into the blood 
from the lungs after inhalation exposures.  Human inhalation studies include exposures via surgical 
anesthesia (Smith et al. 1973), indoor swimming pools (Aggazzotti et al. 1993; Cammann and Hubner 
1995; Levesque et al. 1994; Levesque et al. 2000), and shower air (Jo et al. 1990; Levesque et al. 2002).  
Chloroform can also be absorbed through the skin easily.  Dermal exposures were considered in 
conjunction with inhalation exposures in some of the indoor swimming pool studies (Cammann and 
Hubner 1995; Levesque et al. 1994; Levesque et al. 2000)  and shower air studies (Jo et al. 1990; 
Levesque et al. 2002).  Other human studies of dermal-only exposures include showering with facemask 
(Corley et al. 2000; Gordon et al. 1998) and topical administration of chloroform to volunteers (Dick et 
al. 1995).  Dermal absorption in animals was studied in guinea pigs (Jakobson et al. 1982) and hairless 
rats (Islam et al. 1995). Gastrointestinal absorption of chloroform is also fast and extensive (USEPA 
2001).  Oral exposure studies of humans were done in volunteers using 13C-labeled chloroform (Fry et 
al. 1972) and additional information is available from an accidental chloroform poisoning case (Rao et 
al. 1993).  Animal studies via oral exposure were reported in mice and rats by Withey et al. (Withey et 
al. 1983) and Pereira (Pereira 1994), respectively.   
 
7.2.2 Distribution 
 
Chloroform is widely distributed throughout the body after being absorbed.  Radiolabeled chloroform in 
mice was reported to distribute to the liver, kidney, lungs, spleen, body fat, muscle, and nervous tissue 
(Bergman 1979; Cohen and Hood 1969).  The highest levels of chloroform detected in human 
postmortem samples are in the body fat (5–68 µg/kg) and lower levels (1–10 µg/kg) were detected in the 
kidney, liver, and brain (McConnell et al. 1975).  In a study with 14C-chloroform injected in male mice 
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intraperitoneally, the maximum radioactivity levels were observed in the liver, kidney, and blood within 
10 minutes of dosing (Gemma et al. 1996).  It was also found that the presence of testosterone affected 
chloroform accumulations in mouse kidney (Ilett et al. 1973; Pohl et al. 1984; Smith et al. 1973) and 
resulted in higher nephrotoxicity in male mice. 
 
7.2.3 Metabolism 
 
The major metabolic pathway of chloroform in humans and animals (Figure 7.1) is oxidative 
metabolism that produces reactive phosgene and the minor pathway is reductive metabolism that forms 
dichloromethyl free radical (USEPA 2001).  In the presence of oxygen, chloroform is converted to 
trichloromethanol, which spontaneously dehydrochlorinates to produce phosgene (Pohl et al. 1981; 
Stevens and Anders 1981).  These reactions are catalyzed by cytochrome P450 in liver and kidneys (Ade 
et al. 1994; Branchflower et al. 1984; Smith and Hook 1984).  Phosgene can in turn react with 
nucleophilic groups in cellular macromolecules and form covalent adducts (Noort et al. 2000; Pereira 
and Chang 1981; Pereira et al. 1984; Pohl et al. 1977; Pohl et al. 1981; Pohl et al. 1980).  Phosgene can 
also undergo hydrolysis to form carbon dioxide and hydrochloric acid, or react with glutathione to form 
diglutathionyl dithiocarbonate, gluathione disulfide, and carbon monoxide (Pohl et al. 1981; USEPA 
2001).  In the absence of oxygen, chloroform is converted to dichloromethyl free radical, which can 
form covalent adducts with microsomal enzymes and can also cause lipid peroxidation (USEPA 2001).  
Metabolic pathways of chloroform overlapping with the other three volatile organics in Mixture 2 are 
shown in Figure 8.1 under trichloroethylene. 
 
 

 
 
 
Figure 7.1  Major metabolic pathways of chloroform (adapted from USEPA (2001))  
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7.2.4 Excretion 
 
Chloroform is excreted through the lungs either unchanged or as carbon dioxide, with small amounts 
detected in urine after inhalation (Corley et al. 1990; Fry et al. 1972; Gordon et al. 1988), oral (Fry et al. 
1972), and dermal (Dick et al. 1995) exposures. 
 
7.3 Physiologically based pharmacokinetic (PBPK) models 
 
The first PBPK model for chloroform was developed by Corley and colleagues (Corley et al. 1990) to 
describe the fate of chloroform in several species via numerous exposure routes.  Several subsequent 
PBPK models (Chinery and Gleason 1993; Corley et al. 2000; Gearhart et al. 1993; Levesque et al. 
2000; McKone 1993; Roy et al. 1996) were developed based on the Corley model to include a variety of 
exposure scenarios.  A schematic representation of a general PBPK model for chloroform is shown in 
Figure 7.2. 
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Figure 7.2  PBPK model for chloroform in rats, mice, and human (adapted from (Corley et al. 2000)) 
 
In the Corley model (Corley et al. 1990), the exposure routes include oral, inhalation, and 
intraperitoneal. Liver and kidney were both sites of metabolism for chloroform.  The amount of 
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metabolite binding to cellular macromolecules was used as the indicator for chloroform toxicity.   Due 
to the lower rates of metabolism, ventilation, and cardiac output in larger species than in smaller species, 
the relative potency of chloroform was predicted as mice > rats > humans in the Corley model (Corley et 
al. 1990). 
 
Reitz and colleagues (Reitz et al. 1990) extended the Corley model to include pharmacodynamic 
endpoints for cancer risk assessment.  Two dose metrics were used for the liver compartment, while the 
kidney compartment was not considered.  The first type of dose metric used was the average daily 
macromolecular binding.  The other type of dose surrogate was cytotoxicity due to the formation of 
reactive chloroform metabolite, phosgene.  It was concluded that cytotoxicity is the dose metric best 
reflecting carcinogenicity (Reitz et al. 1990).  These two dose metrics were later analyzed for 
interindividual variability and parameter uncertainty by Allen and colleagues (Allen et al. 1996).  The 
cytotoxicity dose metric was much more sensitive to interindividual variability than the average daily 
macromolecular binding was.   
 
Gearhart and colleagues (Gearhart et al. 1993) adjusted partition coefficients, rate of metabolism, 
cardiac output, and minute ventilation according to body temperature.  These adjustments strengthened 
the Corley model (Corley et al. 1990) according to the fitting of gas uptake data of mice by loosening 
the assumption of enzyme loss and resysthesis. 
 
Chinery and Gleason (Chinery and Gleason 1993) further included the skin compartment to describe the 
fate of chloroform after adsorption through dermal exposure.  The skin compartment was further divided 
into three subcompartments: the aqueous solution, stratum corneum, and viable skin.  The model was 
able to predict the concentration of chloroform in the exhaled air from humans exposed while showering 
through inhalation only and the combination of dermal and inhalation routes.  
 
In a PBPK model similar to Chinery and Gleason’s, McKone (McKone 1993) assumed skin to be only 
one compartment.  It was demonstrated that chloroform metabolism by the liver was not linear with 
respect to higher exposure concentrations (60-100 mg/L). 
 
Based on the Corley model (Corley et al. 1990), Levesque and colleagues (Levesque et al. 2000) used a 
PBPK model to predict the fate of chloroform for individuals exposed while swimming through dermal 
and inhalation routes.  Dermal exposure was described using an overall skin permeability constant.  The 
levels of macromolecular binding in swimmers calculated from the model are much lower than the 
smallest no-observed-effect level for liver tumors in animals. 
 
Corley and colleagues (Corley et al. 2000) added a single skin compartment to the original Corley 
model (Corley et al. 1990) and described the kinetics of human dermal exposure to chloroform while 
bathing.  With the adjustment of model parameters according to temperature, the model can predict the 
relationship between water temperature (30-40°C) and exhaled chloroform observed from experiments 
(Gordon et al. 1998). 
 
Constan and colleagues (Constan et al. 2002) used cytolethality and regerative cell proliferation as 
pharmacodynamic endpoints to perform a chloroform inhalation cancer risk assessment.  The NOAEL 
for chloroform-induced hepatotoxicity in humans was estimated to be 110 ppm using experimental data 
from B6C3F1 mouse and PBPK-PD model calculations. 
 
Meek and colleagues (Meek et al. 2002) recently performed an assessment of exposure-response 
analyses and risk characterization using PBPK models.  Inhalation, oral, and dermal exposures were 
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considered from ten-minute shower, discrete periods of water and food consumption, as well as 
inhalation of chloroform at a variety of concentrations.  Dose metrics used for carcinogenicity were the 
maximum rate of metabolism per unit kidney cortex volume and mean rate of metabolism per unit 
kidney cortex volume during each dose interval.  For non-neoplastic effects, the dose metrics used were 
the mean rate of metabolism per unit centrilobular region of the liver and the average concentration of 
chloroform in the non-metabolizing centrilobular region of the liver.  
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Trichloroethylene 

 
8.0 Introduction 
 
Trichloroethylene (TCE) is one of the most important industrial chemicals of our time.  It is an organic 
solvent that has been used widely in dry cleaning, metal degreasing, and as a solvent for oils and resins.  
Because of the large production volume and its wide applications, TCE is one of the top, if not the top, 
environmental pollutants in ground water.  Recently, an entire supplemental volume (Volume 108, 
Supplement 2, May 2000) of Environmental Health Perspective was devoted to Trichloroethylene 
Health Risks.  This volume contains many excellent review articles which cover the areas of toxicology 
and risk assessment extensively.  The USEPA, in its re-assessment of TCE health risks, devoted a great 
deal of effort to publishing a document on Trichloroethylene Health Risk Assessment: Synthesis and 
Characterization (EPA/600/P-01/002A; quoted in this write-up as USEPA, 2001).  This document and 
its related Science Advisory Board review (www.epa.gov/science1/pdf/ehc03002.pdf) also provided an 
excellent source of information on TCE.  Thus, the summary below represents a brief update of the 
current information. 
 
8.1  Toxic effects 
  
8.1.1    Noncancer effects  

 
Neuro- or neuro-behavioral (Boyes et al., 2000; Ohta et al., 2001; USEPA, 2001; Waseem et al., 2001; 
Kilburn, 2002; Moser et al., 2003), male reproductive (Kumar et al., 2000; 2001; Forkert et al., 2002; 
2003), developmental (Boyer et al., 2000; Rodenbeck et al., 2000; USEPA, 2001; Johnson et al., 2003), 
liver (USEPA, 2001), renal (USEPA, 2001; Mensing et al., 2002), immuno- (Griffin et al., 2000a,b,c; 
Kaneko et al., 2000; USEPA, 2001) toxicities in experimental animals and/or humans are reported or 
implicated.  In vitro studies using isolated cell cultures have demonstrated and reconfirmed many of the 
species-, sex-, and tissue-dependent differences in hepato- and renal- toxicities observed in vivo 
(Cummings et al., 2000a,b; Lash et al., 2001). 

 
Halogenated hydrocarbons such as TCE are among the most common water supply contaminants in the 
U.S. and elsewhere.  Epidemiological studies have found an association, but not a cause-and-effect 
relation, between halogenated hydrocarbon contamination and increased incidence of congenital cardiac 
malformations or other defective birth outcomes.  However, some animal studies in birds and rats as 
well as in tissue cultures had demonstrated statistically significant increased incidence of congenital 
cardiac malformations or other defective birth outcomes (Boyer et al., 2000; Johnson et al., 2003) while 
others turned out negative (Fisher et al., 2001).  The most recent study (Johnson et al., 2003) reported 
that maternal rats exposed to more than 250 ppb TCE, a very low dose study, showed an associated 
increased incidence of cardiac malformations in their developing fetuses. 
 
8.1.2 Cancer effects  
 
TCE causes liver, lung tumors and lymphomas in mice and kidney and testicular tumors in rats (Bull, 
2000; Green, 2000; Lash et al., 2000a; USEPA, 2001).  In humans, TCE was implicated to be a 
carcinogen (Wartenberg et al., 2000; USEPA, 2001).  It is well established that two metabolites of TCE, 
dichloroacetic acid (DCA) and trichloroacetic acid (TCA) are important contributors to carcinogenicity 
of TCE (Bull, 2000; Tao et al., 2000; Bull et al., 2002). 
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Regarding renal cancer in humans, German epidemiological studies of prevalence of renal cancer 
following high exposure of TCE in workers have been the subject of considerable scientific debate, re-
evaluation, and repeated studies (Brauch et al., 1999; Bruning et al., 1999; Green and Lash, 1999; 
Schraml et al., 1999; Brauch et al., 2000; Bruning and Bolt, 2000; Green, 2000; Lash et al., 2000a; 
Wartenberg et al., 2000; USEPA, 2001; Bruning et al., 2003).     
 
8.2 Pharmacokinetics 
 
The pharmacokinetics of TCE has been reviewed thoroughly (ATSDR, 1997; Fisher, 2000).  More 
recent updates are provided below. 
 
8.2.1 Absorption 
 
Dose-dependent gastrointestinal absorption of TCE and its kinetics in male Sprague-Dawley rats over a 
wide range of oral bolus doses were characterized by Lee et al. (2000b).  Dietary incorporation of guar 
gum, a thickener and stabilizer in foods and pharmaceuticals, was found to decrease TCE accumulation 
in the body by reducing absorption and fat tissue mass (Nakashima and Ikegami, 2001). 
 
8.2.2 Distribution 
 
PBPK models for the systemic transport of TCE to various tissues and organs with a special emphasis to 
fat tissues were established by Albanese et al. (2002). 
 
8.2.3 Metabolism 
 
Human and animal studies   
 
The principal metabolic pathways for TCE and metabolic steps where interactions with chloroform 
(CHL), tetrachloroethylene (PERC), and/or 1,1,1 trichloroethane (MC) may occur are denoted in Figure 
8.1.  The metabolism of TCE has been reviewed thoroughly (Lash et al., 2000b; USEPA, 2001); more 
recent updates are provided below. 

 
Lash et al. (1999a) reported direct, in vivo, evidence of GSH conjugation of TCE in human volunteers 
exposed to 100 ppm TCE and demonstrated markedly higher amounts of S-(1,2-dichlorovinyl) 
glutathione (DCVG) in males than females.  However, Bloemen et al. (2001) studied urinary 
concentrations of metabolites from GST-dependent pathway in human volunteers exposed to 50 and 100 
ppm TCE for 15 min or occupationally exposed (0.4 to 21 ppm TWA) workers.  They found little or no 
such metabolites and suggested the glutathione-mediated metabolism is of minor importance in humans. 

 
There were evidences suggesting that TCE is metabolized in the reproductive tract of the mouse and 
monkey; the fact that TCE and its metabolites accumulated in seminal fluid in human diagnosed with 
clinical infertility also suggested associations between production of TCE metabolites, reproductive 
toxicity, and impaired fertility (Forkert et al., 2003). 
 
In vitro studies   

 
Extensive in vitro biotransformation studies have been published on a variety of enzyme preparations 
and cell culture systems ranging from cell free tissue preparations (Lipscomb et al., 1997, 1998; 
Lipscomb and Garrett, 1998; Lash et al., 1999b; Cai and Guengerich, 2000; Snawder and Lipscomb, 
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2000; Cummings et al., 2001; Lipscomb et al., 2003a) to highly purified human enzymes (Cai and 
Guengerich, 2001), to primary and other cell cultures (Lash et al., 1999b; Cummings and Lash, 2000; 
Cummings et al., 2000a,b; Walgren et al., 2000; Cummings et al., 2001) including collagen gel 
sandwich cultures of rat hepatocytes (De Smet et al., 2000).   
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Figure 8.1 Superimposed on a metabolic 
schematic for TCE (Dobrev, et al., 2001), 
metabolic steps where pharmacokinetic 
interactions could occur are denoted by 
symbols.  Identification of additional 
potential interactions should occur during 
CRA Steps 3 and 6.

 
 
 
Cai and Guengerich (2001) demonstrated that the direction reaction of TCE oxide with either human 
P450 2E1, P450 2B1, or NADPH-P450 reductase was shown to lead to enzyme inactivation, and no 
recovery of either enzyme occurred. 

 
8.2.4 Elimination and Excretion 
 
Presystemic elimination of TCE has been shown by Lee et al. (1996) to be inversely related to dose.  
When relatively high doses were administered to rats via the portal vein, first-pass hepatic extraction 
became negligible.  This phenomenon could result not only from metabolic saturation, but from suicidal 
destruction of cytochrome P450 and hepatocellular injury as well (Lee et al., 2000a).  Subsequent 
pharmacokinetic analysis by Lee et al. (2000b) indicated that TCE was eliminated by capacity-limited 
hepatic metabolism, no evidence for P450 2E1 destruction, with incursion into nonlinear kinetics with 
bolus doses greater or equal to 8 to 16 mg/kg. 
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8.3 Interactions of TCE with other chemicals  
 
Interaction studies reported in the recent literature covered diverse subject areas.  Each of the relevant 
papers is discussed briefly below.  
 
Dobrev et al. (2001; 2002) studied “Interaction Thresholds” in rats and humans using interactive PBPK 
modeling of a ternary mixture of TCE, tetrachloroethylene, and 1,1,1-trichloroethane.  Because of 
competitive inhibition of the primary metabolic system, P450 2E1, an alternative pathway, the GST 
conjugation system, becomes important.  It was demonstrated that at or below the current threshold limit 
values (TLVs) for these three chemicals, the coexposure to these chemicals would result in significant 
interactions.  
 
Very high doses (2000 to 5000 mg/kg, ip) of TCE induced anticonvulsive effect of a number of drugs 
(Shih et al., 2001); it was suggested that this effect might be predominantly mediated by GABA 
receptors. 
 
A full-factorial design for neurobehavioral evaluations of mixtures of TCE, heptachlor, and di (2-
ethylhexyl) phthalate in F344 rats was carried out by Moser et al. (2003).  In general, significant overall 
interactions that deviated from response additivity were detected for most endpoints (11 of 14).  Most of 
the interactions are antagonistic in nature.  
 
Pretreatment of TCE in Sprague-Dawley rats altered drug kinetics of theophylline, quinidine, and 
pentobarbital (Kukongviriyapan et al., 2001). 
 
Dietary incorporation of guar gum, a thickener and stabilizer in foods and pharmaceuticals, was found to 
decrease TCE accumulation in the body by reducing absorption and fat tissue mass (Nakashima and 
Ikegami, 2001). 
 
8.4 PBPK models 
 
TCE is undoubtedly one of the chemicals, which were most extensively studied using PBPK modeling 
technique.  The initial development of PBPK models was reported by Andersen et al. (1987).  This 
initial PBPK model for TCE was followed by a number of variations by others for different goals 
(Fisher et al., 1989; 1990; Koizumi, 1989; Dallas et al., 1991).  As the science advances, more and more 
sophistication were incorporated into the later PBPK models.  Thus, PBPK models with incorporation of 
TCE metabolites, as well as reproductive physiology and toxicology (Fisher et al., 1989; 1990; 1991; 
Abbas et al., 1996; Abbas and Fisher, 1997; Fisher et al., 1998; Greenberg et al., 1999), and 
pharmacokinetic and pharmacodynamic interactions (Elmasri et al., 1996; Byczkowski et al., 1999) were 
seen in the literature.  Furthermore, the application of PBPK modeling in risk assessment received 
progressively more emphasis (Allen and Fisher, 1993; Fisher and Allen, 1993; Gearhart et al., 1993; 
Clewell et al., 1995; Cronin et al., 1995; Bogen and Gold, 1997; Simon, 1997).  The 2000 Monograph in 
EHP and more recent PBPK modeling efforts included its application in risk assessment (Clewell et al., 
2000; Fisher, 2000), statistical analyses for variability and uncertainty (Bois, 2000a,b), further 
toxicological interaction studies to define “Interaction Thresholds” (Dobrev et al., 2001; 2002).  PBPK 
modeling studies for other specific purposes or toxic endpoints are also seen.  Thus, Poet et al. (2000) 
utilized PBPK modeling for assessing percutaneous absorption of TCE in rats and humans.  PBPK 
models for the transport of TCE in adipose tissues were reported by Albanese et al. (2002) and PBPK 
modeling for male Long-Evans rats to aid in evaluation of neurotoxicity data was published by Simmons 
et al. (2002).  
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8.5 Risk assessment related 
 
Because TCE is a very important industrial chemical and a prevalent environmental pollutant, the risk 
assessment, particularly cancer risk assessment became an area of much scientific debate.  
Consequently, quite a number of publications, review articles, and documents are available specifically 
dealing with mechanisms of toxicity of TCE and PBPK modeling in relation to risk assessment, as well 
as the process of risk assessment of TCE (Allen and Fisher, 1993; Fisher and Allen, 1993; Gearhart et 
al., 1993; Clewell et al., 1995; Cronin et al., 1995; Bogen and Gold, 1997; Simon, 1997; Brauch et al., 
1999; Bruning et al., 1999; Green and Lash, 1999; Motohashi et al., 1999a,b; Schraml et al., 1999; 
Barton and Clewell, 2000; Bois, 2000a,b; Bruning and Bolt, 2000; Bull, 2000; Chen, 2000; Clewell et 
al., 2000; Fisher, 2000; Green, 2000; Lash et al., 2000a,b; Moore and Harington-Brock, 2000; Pastino et 
al., 2000; Rhomberg, 2000; Wartenberg et al., 2000; Ruden, 2001a,b; Stewart, 2001; USEPA, 2001; 
Ruden 2001a,b; 2002a,b; Bruning et al., 2003; Lipscomb et al., 2002; 2003b; Ruden, 2003).  
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Tetrachloroethylene 

 
 
9.0 Introduction 
 
Tetrachloroethylene is made by direct chlorination or oxychlorination of certain hydrocarbons. 
Tetrachloroethylene is used as a chemical intermediate, as solvent for metal cleaning and vapor 
degreasing, and for dry-cleaning and textile processing. (Aggazzotti et al. 1994)  It is found in many 
household products, including paint removers, water repellents, silicone lubricants, spot removers, 
adhesives, and wood cleaners (ATSDR 1997).   
 
9.1  Toxic effects  
 
Liver, kidney, blood, and the central nervous system are the target organs for systemic effects (Calabrese 
1983; Chen et al. 2002; Echeverria et al. 1995; Ferroni et al. 1992; Umezu et al. 1997; Utzinger and 
Schlatter 1977; Zavon 1967). Exposure to high concentrations of tetrachloroethylene induces dizziness, 
headache, sleepiness, confusion, nausea, unconsciousness, and death.  Irritation could occur when skin is 
exposed to tetrachloroethylene.  Breathing the vapor may irritate the lungs, causing coughing and/or 
shortness of breath (Stewart et al. 1961).  Animal studies showed that tetrachloroethylene can cause 
liver and kidney damage (Schimmelpfennig et al. 1987; Kylin et al. 1963; Kylin et al. 1965; Lash et al. 
2002).  The developing fetus and children may be particularly susceptible to the toxic effects of 
tetrachloroethylene (Ahlborg 1990; Fredriksson et al. 1993; Motohashi et al. 1993; Spector et al. 1999).  
Exposure to pregnant rodents induces behavioral deficits in pups (Mattsson et al. 1998; Seeber 1989).  
 
The neurotoxicities of tetrachloroethylene may result from the alterations of fatty acid patterns in the 
brain (ATSDR 1997; Burger et al. 1991).  In contrast to the nervous system, the effects on the liver 
including cancer are thought to be a result of the metabolite, trichloroacetic acid (ATSDR 1997).  It is 
believed that trichloroacetic acid may play a role in inducing hepatocellular peroxisomes, resulting in 
the production of hydrogen peroxide as a by-product (Bentley et al. 1993).  The increased hydrogen 
peroxide may increase DNA damage.  Kidney cancer may in part be a result of the formation of the 
genotoxic metabolites from S-(1,2,2-trichlorovinyl) glutathione by β-lyase (Birner et al. 1997; Cooper et 
al. 2002; Green et al. 1990).  Tetrachloroethylene is classified as a group 2A carcinogen (probably 
carcinogenic to human) (Aschengrau et al. 1993; Aschengrau et al. 1998; Aschengrau et al. 2003; 
Wartenberg et al. 2000). 
 
9.2 Pharmacokinetics 
 
Tetrachloroethylene is readily absorbed through oral, skin, and inhalation exposure (Ward et al. 1988).  
Once it is absorbed, tetrachloroethylene is distributed to fatty tissues because of high lipophilicity 
(fat/blood partition coefficient is about 140) (Dallas et al. 1994c).  The half-life of tetrachloroethylene in 
fat tissues is 55 hours (ATSDR 1997).  One to three percent of absorbed tetrachloroethylene is 
metabolized to trichloroacetic acid in the liver (ACGIH 1991).  Unmetabolized tetrachloroethylene is 
exhaled (ATSDR 1997).  This is the primary route of excretion.  Trichloroacetic acid is excreted in the 
urine (ATSDR 1997). 
 
9.2.1 Absorption 
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Tetrachloroethylene is readily absorbed in the G.I. tract and lungs.  Pulmonary uptake is proportional to 
ventilation rate, duration of exposure, and the concentration in the inspired air (ATSDR 1997).  In rats, 
the proportion absorbed was approximately 55-70% after 1 minute, gradually declining to 40-50% after 
2 hours (Dallas et al. 1994b).  Dermal absorption has been studied in guinea pigs (Bogen et al. 1992). 
 
9.2.2 Distribution 
 
Tetrachloroethylene is preferentially stored in fat tissues.  In rats, distribution to brain, liver, and kidneys 
has also been demonstrated (Frantz and Watanabe 1983; Dallas et al. 1994a; Dallas et al. 1994b).  In 
animal studies, transplacental and lactational transport of unchanged tetrachloroethylene has been 
reported (Byczkowski et al. 1994; Hamada and Tanaka 1995). 
 
9.2.3 Metabolism 

 
The metabolic pathways of tetrachloroethylene are summarized in Figure 9.1.  The overlapping 
pathways with the other three volatile organics in Mixture 2 can be seen in Figure 8.1 under 
trichloroethylene. 

 

 
 

Fig 9.1 Metabolic pathways 
of tetrachloroethylene 

(ATSDR, 1997) 

 
Human pharmacokinetic studies have been performed in volunteers and workers.  The pharmacokinetics 
of tetrachloroethylene by inhalation exposure has been described (Ikeda 1977; Monster et al. 1979; 
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Ohtsuki et al. 1983; Imbriani et al. 1988). One study described the pharmacokinetics of 
tetrachloroethylene in a boy who ingested the chemical (Koppel et al. 1985). 
 
The pharmacokinetics of tetrachloroethylene following inhalation exposure have been described for 
rodents (Pegg et al. 1978; Schumann and Watanabe 1979). The dermal pharmacokinetics of 
tetrachloroethylene in hairless guinea pigs was also studied (Bogen et al. 1992).  Pharmacokinetics of 
tetrachloroethylene following oral exposure were reported in several studies including rats, mice, and 
dogs (Frantz and Watanabe 1983; Dallas et al. 1994c). 
 
In vitro metabolic studies of tetrachloroethylene have been conducted using rat hepatic microsome and 
other subcellular systems (Huang et al. 2001; Costa and Ivanetich 1980; Reitz et al. 1996; Dekant et al. 
1998).  Some studies focused on the interaction of tetrachloroethylene with rat hepatic microsomal P450 
enzymes (Hanioka et al. 1995a; Hanioka et al. 1995b; Hanioka et al. 1997). 
 
9.2.4 Excretion 
 
In humans and animals, the major part of the absorbed amount is exhaled unchanged.  In humans, 80-
100% of the amount was exhaled as parent compound.  In rats, about 70% was exhaled in same 
conditions (ATSDR 1997).  Excretion of metabolites in urine is 2% of exposed dose with a half-life of 
75-80 hours (Ikeda et al. 1972; Imbriani et al. 1988; ATSDR 1997). In rats, elimination via maternal 
milk was high (Byczkowski et al. 1994; Byczkowski and Fisher 1995). 
 
9.3 Interactions with other chemicals 
 
The hepatic monooxygenase system is mainly responsible for oxidation of tetrachloroethylene.  Thus, 
chemicals that affect the monooxygenase system could affect the metabolism and toxicity of 
tetrachloroethylene.  Two papers were published dealing with pharmacokinetic interactions between 
tetrachloroethylene and other chlorinated contaminants (Dobrev et al. 2001, 2002).  Toxicological 
interactions between tetrachloroethylene and ethanol or other chemicals were also reported (Koizumi et 
al. 1982; Dobrov and Poluekto 1971; Kobayashi et al. 1982; Seiji et al. 1989; Giovannini et al. 1992). 
 
9.4 PBPK models 
 
Several PBPK models for the disposition of tetrachloroethylene were presented in animals and humans 
(Gelman et al. 1996; Haddad et al. 2000; Ward et al. 1988; Koizumi 1989; Bois et al. 1990; Gearhart et 
al. 1993; Dallas et al. 1994b; Dallas et al. 1994c; Wilson and Knaak 1994; Dallas et al. 1995; Reitz et 
al. 1996; Poet et al. 2000; Loizou 2001; Poet et al. 2002).  The majority of the available PBPK models 
are concerned with the carcinogenesis of tetrachloroethylene.  One model has been developed to predict 
brain concentrations following exposure to tetrachloroethylene during showering (Rao and Brown 
1993).  PBPK models for the lactational transfer of tetrachloroethylene through breast milk were 
developed to estimate the risk of tetrachloroethylene exposure to infants (Byczkowski et al. 1994; 
Byczkowski and Fisher 1995). 
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1, 1, 1-Trichloroethane 

 
10.0  Introduction 
 
1, 1, 1-Trichloroethane (TCA; Figure 10.1) is a common organic solvent, often used commercially for 
industrial degreasing as well as dry-cleaning.  The 2001 Comprehensive Environmental Response, 
Compensation, and Liability Act (CERCLA) Priority List of Hazardous Substances includes TCA in the 
top 100 hazardous substances based upon its environmental distribution, especially at hazardous waste 
sites (ATSDR, 2001a).  Furthermore, TCA ranks 13th in the CERCLA Completed Exposure Pathway; 
therefore, humans are frequently exposed to TCA (ATSDR, 2001b). Because of its ability to induce 
central nervous system depression, TCA has been abused, and thus purposeful human exposure also 
occurs.  TCA is considered to be a group III carcinogen due to lack of adequate evidence of 
carcinogenicity in rodents and humans (IARC, 1999).  
 

Cl H 

C C 

Cl H 
Cl H 

 
Figure 10.1. Structure of 1, 1, 1-trichloroethane. 

 
10.1 Toxic effects  
 
TCA has various systemic effects, most notably central nervous system (CNS) depression, 
hepatotoxicity, and cardiovascular complications. Central nervous system depression is the principal 
CNS effect observed in individuals and animals following exposure to TCA (Hall and Hine, 1966; Stahl 
et al., 1969; Jones and Winter, 1983; Bowen and Balster, 1998; Bowen et al., 1998; Bruckner et al., 
2001). Descriptions of plausible mode(s) of action for CNS depression are given in numerous reports 
(Rosengren et al., 1985; Nilsson, 1986b; Nilsson, 1986a; Nilsson, 1987; Fernicola et al., 1991; 
Beckstead et al., 2000; Warren et al., 2000; You and Dallas, 2000; Beckstead et al., 2001; Okuda et al., 
2001; Beckstead et al., 2002; Wiley et al., 2002; Lopreato et al., 2003).  
 
Various reports cite changes in serum enzyme chemistry, which serve as indicators of hepatotoxicity for 
both humans and animals (Halevy et al., 1980; Hodgson et al., 1989). Another marker for hepatotoxicity 
observed following exposure to TCA is accumulation of fat in the liver (Hall and Hine, 1966; Caplan et 
al., 1976; Hodgson et al., 1989). However, many contradictory studies on both humans and animals 
report failure of serum enzymes to change or extremely mild changes, indicating no apparent 
hepatotoxic effects (Domette and Jones, 1960; Carlson, 1973; Kramer et al., 1978; Kelafant et al., 1994; 
Wang et al., 1996). Although observed hepatic alterations are reversible, they tend to indicate mild 
hepatotoxicity induced by TCA and/or a metabolite (Halevy et al., 1980; Bruckner et al., 2001). Cardiac 
sensitization to epinephrine, resulting in arrhythmia, has been linked with exposure to TCA in both 
humans and animals (Clark and Tinston, 1973; Guberan et al., 1976; Macdougall et al., 1987).  
Additionally, cardiac depression, resulting in decreased blood pressure, is caused by exposure to TCA. 
Toraason and coworkers demonstrated decreases in contractility of cultured cardiac cells occurred in a 
dose-dependent manner following treatment with TCA (Toraason et al., 1990).  Some reproductive 
effects have also been reported, ranging from increased mammary adenocarcinomas to decreases in 
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sperm motility, however effects were usually slight and in some cases confounded by exposure to 
chemical mixtures (Rudolph and Swan, 1986; Swan et al., 1989; Yang, 1993; Coleman et al., 1999; 
Lemasters et al., 1999; NTP, 2000; Wang et al., 2002). Other studies found no association between TCA 
exposure and reproductive effects (George et al., 1989; Wrensch et al., 1990a; Wrensch et al., 1990b) 
 
10.2 Pharmacokinetics 
 
10.2.1 Absorption  
 
Exposure to TCA primarily occurs through inhalation, and has been described in both humans and 
animals (Morgan et al., 1972a; Morgan et al., 1972b; Monster et al., 1979; Hobara et al., 1982; 
Jakobson et al., 1982; Hobara et al., 1983; Koizumi et al., 1983; Nolan et al., 1984; Dallas et al., 1989; 
Boman et al., 1995). Dermal and gastrointestinal exposures are plausible as TCA is a groundwater 
contaminant, though due to the volatility of TCA, the most common exposure route is inhalation 
(ATSDR, 1995). Alternative routes of TCA exposure have been explored by many researchers, as TCA 
is efficiently and rapidly absorbed via the lung, skin, and gastrointestinal tract of humans and animals 
(Stewart and Dodd, 1964; Riihimaki and Pfaffli, 1978; Mitoma et al., 1985; RTI, 1987; Reitz et al., 
1988; Morgan et al., 1991; Yoshida et al., 1998; Giardino et al., 1999; Kezic et al., 2000; Poet et al., 
2000; Kezic et al., 2001). Steady-state blood levels in rats exposed to 50 or 500 ppm TCA were 
approached at 2 hours following initiation of continuous exposure (Dallas et al., 1989). Reitz and 
colleagues noted achievement of maximal blood levels of TCA at 10-15 minutes following 
administration of a 14.2 mg/kg dose of TCA in water via gavage (Reitz et al., 1988). Following the 
initial phases, absorption rates plateau as steady-state levels are approached in blood and tissues; 
generally, blood levels approach steady-state within a few hours following onset of exposure (Monster 
et al., 1979; Nolan et al., 1984). 
 
10.2.2 Distribution 
 
TCA is widely distributed, with preferential distribution to fatty tissues due to its lipophilic nature, 
regardless of exposure scenario (Takahara, 1986; RTI, 1987; Shimada, 1988; Katagiri et al., 1997; You 
and Dallas, 1998). Detectable levels of TCA are found in the fat, liver, kidney, spleen, blood, lung, 
heart, brain, placenta, and fetus following inhalation exposure (Danielsson et al., 1986; Takahara, 1986; 
Shimada, 1988). In mice exposed for 1 hour to 1,000 ppm TCA, tissue concentrations of TCA 
immediately following exposure resulted in preferential accumulation of TCA (in descending order) in 
the fat, liver, kidney, spleen and blood, followed by lung, heart and brain (Takahara, 1986). Schumann 
and coworkers supported these findings, as they reported significantly higher TCA concentrations in 
fatty tissues than in the liver and kidneys following exposure of mice and rats to either 150 or 1,500 ppm 
TCA for 6 hours (Schumann et al., 1982b). Distribution of TCA is regulated by various factors, 
including tissue blood flow rate, tissue volume and tissue:blood partition coefficients, the latter likely 
being most influential (ATSDR, 1995). 
 
10.2.3 Metabolism 
 
Metabolism of TCA has been studied extensively (Carlson, 1973; Ivanetich and Van den Honert, 1981; 
Casciola and Ivanetich, 1984; Takano et al., 1985; Takano et al., 1988; Kawai et al., 1991; Durk et al., 
1992; Baker and Ronnenberg, 1993). Regardless of exposure route, TCA is metabolized at low rates 
(<10%), mainly to four metabolites: trichloroethanol, trichloroethanol glucuronide, trichloroacetic acid, 
and carbon dioxide (Monster, 1979; Schumann et al., 1982a; Nolan et al., 1984; Mitoma et al., 1985; 
Reitz et al., 1988; Dallas et al., 1989; Kawai et al., 1991); Figure 10.2). Oxidative metabolism of TCA 
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by the cytochrome P-450 mixed-function oxidase system combined with other metabolic dehydrogenase 
enzymes forms trichloroethanol and trichloroacetic acid; trichloroethanol may be further metabolized 
via conjugation to form a glucuronide derivative. Cytochrome P450 2E1, specifically, is believed to play 
a role in TCA metabolism (Nakajima and Sato, 1979; Guengerich et al., 1991; Kaneko et al., 1994).  
Monster and coworkers found in humans exposed to 70 or 145 ppm of TCA for 4 hours, trichloroethanol 
and trichloroacetic acid excreted in the urine only accounted for 2 and 0.5%, respectively, of absorbed 
TCA (Monster et al., 1979). Another byproduct, acetylene, may also be formed from TCA in mammals 
via reductive dechlorination, though only under hypoxic conditions (Durk et al., 1992).  The metabolic 
pathway of TCA is shown in Figure 10.2, as well as in Figure 8.1 where interactive reaction network 
with the other three volatile organics is evident.  
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Figure 10.2. Metabolism of 1, 1, 1-Trichloroethane, reproduced from Agency for Toxic Substances  
and Disease Registry’s toxicological profile (ATSDR, 1995). 

 
 
10.2.4 Elimination 
 
The primary route of TCA elimination is exhalation of the parent compound, which occurs fairly rapidly 
following exposure due to TCA’s highly volatile nature (Monster, 1979; Monster et al., 1979; Hobara et 
al., 1982; Schumann et al., 1982c; Schumann et al., 1982a; Schumann et al., 1982b; Nolan et al., 1984). 
In humans exposed to 35 or 350 ppm for 6 hours, more than 91% of TCA absorbed was eliminated, 
unchanged, in exhaled air (Nolan et al., 1984). Similarly, in animals given 20 daily doses of TCA by 
gavage in vegetable oil followed by a single 14C-labeled bolus, 85.1 and 92.3% of TCA was excreted as 
parent compound via exhalation, from rats and mice, respectively, (Mitoma et al., 1985).   Both 
acetylene and carbon dioxide are excreted in expired air (Durk et al., 1992; ATSDR, 1995).  The other 
major metabolites, trichloroethanol, trichloroethanol glucuronide, and trichloroacetic acid are mainly 
eliminated via urinary excretion, though fecal excretion has also been observed (Caperos et al., 1982; 
Mitoma et al., 1985; Ghittori et al., 1987; Imbriani et al., 1988; Kawai et al., 1991).  
 
10.2.5 Species variations 
 
Because physiologically based pharmacokinetic (PBPK) modeling attempts to extrapolate between 
various species for risk assessment purposes, variations among species can affect model precision and 
accuracy.  Most aspects of TCA pharmacokinetics are similar among species, including absorption and 
elimination route. However, quantitative differences in blood:air partition coefficients as well as 
metabolism rates have been noted (Schumann et al., 1982b). Specifically, mice tend to have higher rates 
of TCA metabolism compared to rats and humans. Furthermore, blood:air partition coefficients, which 
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dramatically effect inhalation absorption differ: 2.53, 5.76, and 10.8 for humans, rats, and mice 
respectively (Reitz et al., 1988). 
 
10.3 PBPK modeling 
 
Attempts to construct PBPK models appropriate for TCA’s disposition have commonly used approaches 
similar to those developed in 1984 by Ramsey and Andersen (Ramsey and Andersen, 1984; Reitz et al., 
1988).  Based upon the Ramsey and Andersen model (RAM), a modified model was used to estimate 
metabolic kinetic constants using a closed, recirculated atmosphere representative of those used for gas 
uptake studies (Gargas et al., 1986). This study found that to adequately describe TCA disposition, its 
metabolism required only a first-order pathway, which was abolished when oxidative microsomal 
metabolism is inhibited. Reitz and colleagues utilized a model similar to the RAM to simulate exposure 
to TCA via inhalation, intravenous administration, bolus gavage, and in drinking water, and 
demonstrated the plausibility of using PBPK models in TCA risk assessment, based upon successful 
interspecies extrapolation (Reitz et al., 1988).  
 
Bogen and Hall used a derivation of the RAM with an additional compartment for skin to assess risk 
associated with TCA in drinking water, and found PBPK modeling predicted nontoxic TCA 
concentrations lower than the existing NOAELs (Bogen and Hall, 1989). Attempts to determine 
metabolic constants via PBPK modeling concluded that, due to low metabolism of TCA, gas uptake 
study techniques were too insensitive to sufficiently form a TCA PBPK model (Gargas and Andersen, 
1989). Absorption and elimination of TCA across time following an inhalation exposure was measured, 
and a PBPK model was built to predict TCA levels in blood and expired air (Dallas et al., 1989). As 
TCA contaminates both water and soil, percutaneous absorption has been modeled in rats and humans, 
including simulations specific for exposure to children (Poet et al., 2000). Notably, combination of 
quantitative structure-property relationships with traditional PBPK modeling has successfully predicted 
inhalation pharmacokinetics for TCA, as well as other volatile organic chemicals (Beliveau et al., 2003).  
 
Within the context of utilizing biological monitoring to assess exposure, especially in a work 
environment, PBPK models of TCA have been applied. Droz and coworkers first developed a 
population physiological model to investigate variability in biological monitoring, then applied the 
model to assess how alterations in components such as workload, organ function, and body build 
affected the model’s ability to accurately determine TCA exposure (Droz et al., 1989a,b). Comparison 
of various exposure scenarios on alterations in biological monitoring using PBPK modeling has been 
used to determine which biological indices, i.e., parent compound versus metabolite in various 
biological media, are best suited to assess exposure to TCA (Lapare et al., 1995). A linear four-
compartment mass-balance model was used to not only assess uptake and elimination of TCA in human 
subjects at environmentally feasible levels, but also predict exhaled TCA concentrations in another 
human study (Wallace et al., 1997). Analysis of various PBPK models for a series of chemicals, 
including TCA, has allowed analysis of pharmacokinetic model output sensitivity to variability in both 
biochemical and metabolic input parameters (Hetrick et al., 1991).  
 
Because exposure to a single chemical compound in industrial or environmental exposure settings is 
unlikely, examination of chemical in mixtures is necessary. Koizumi and coworkers performed 
inhalation studies to investigate co-exposure of TCA with perchloroethylene, and found significant 
decreases in formation of TCA metabolites due to co-exposure with perchloroethylene (Koizumi et al., 
1983). Further, Tardif and Charest-Tardif noted decreases in excretion of TCA metabolites following 
co-exposure with m-xylene (Tardif and Charest-Tardif, 1999). Dobrev and associates successfully 
modeled competitive inhibition of trichloroethylene by TCA and tetrachloroethylene, likely due to a 
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shared metabolic pathway with limited enzymatic capacity, specifically the cytochrome P450s (Dobrev 
et al., 2001).  Further work by Dobrev and associates also used a combination of tetrachloroethylene, 
perchloroethylene, and TCA to assess possible interactions which might change observed toxicity 
(Dobrev et al., 2002). The findings indicated that co-exposure to the three chlorinated hydrocarbons lead 
to a nonlinear increase in toxic conjugative metabolites of tetrachloroethylene (which are associated 
with renal toxicity and/or carcinogenicity), possibly indicating a greater than additive risk associated 
with exposure to the chemical mixture. Although metabolism of TCA is relatively low (<10%), its 
ability to interact with essential metabolic enzymes may confer TCA the ability to inhibit or decrease 
metabolism/detoxification of other chemicals, especially other organic solvents. Alternatively, because 
of comparatively low affinity for the cytochrome P450s, formation of TCA metabolites (especially 
trichloroethanol and trichloroacetic acid) may be reduced due to enzymatic inhibition caused by co-
exposure with other chemicals.  
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The following panelists were identified and retained by Versar, Inc.   
 
Richard J. Bull, Ph.D. 
MoBull Consulting 
Richland, WA   
 
Harvey Clewell (Chair) 
CIIT Centers for Health Research 
Research Triangle Park, NC 
 
Gary L. Ginsberg, Ph.D. 
Connecticut Department of Public Health 
Hartford, CT 
 
Margaret MacDonell, Ph.D. 
Argonne National Laboratory 
Argonne, IL 
 
Moiz M. Mumtaz, Ph.D. 
Agency for Toxic Substances and Disease Registry (ATSDR) 
Chamblee, GA  
 
Clifford P. Weisel, Ph.D. 
Environmental & Occupational Health Sciences Institute (EOHSI)/UMDNJ 
Piscataway, NJ 
 
 
I.  PRE-MEETING COMMENTS 
 
Following dissemination of the draft document and before the convening of the panel 
review, comments were solicited from panelists.  Two sets of comments were received 
(Clewell and Ginsberg); those pre-meeting comments were discussed by the review 
panel.  Where concerns remained, those concerns were treated in the final review 
comments.  As such, there are no EPA responses to pre-meeting comments. 
 
1.A.  Harvey Clewell 
 
(1) Method of Analysis to Perform a Tissue-Based Cumulative Risk Assessment 
for Mixtures of Chemicals (NCEA-C-1602) 
 
1.  Does the document clearly distinguish interactions at the level of cumulative risk 
assessment and pharmacokinetics?  Does the document present the benefits of 
employing tissue dose, rather than environmental concentration as the basis for 
cumulative risk assessment? 
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Reviewer Response: The document does provide a reasonably clear distinction 
between interactions as defined in default cumulative risk assessment and 
interactions in pharmacokinetics, although there are some awkward sentences, 
e.g.:  
 
“Form [stet] an “interactions” perspective, it is possible that pharmacokinetic 
interactions may explain chemical mixture (cumulative risk) interactions, that may 
not be “interactions” as defined by cumulative risk; such departures from 
additivity may only be departures when considered at the level of the external or 
applied dose, and may be strictly additive when “dose” is expressed as “dose 
metric” – the concentration of the toxicologically active chemical species in the 
target tissue. “ 
 
I think this sentence should be expanded into a paragraph that takes the 
necessary time to lay out the idea it is being attempted to convey.  
 
The document does a good job of describing the benefits of using tissue dose, 
but it would be strengthened if examples were presented where considering 
tissue dose made a difference.  

 
2.  The decision point for continuing to develop a comprehensive cumulative risk 
assessment (a PBPK-based approach and assessment) is presented in Step 4 of the 
analysis plan.  It is based on the assumption of chemical additivity, and includes a 
Hazard Index type analysis coupled with an uncertainty factor intended to address 
interactions (in the broad definitional sense).  This point has drawn appreciable 
comment previously.  The intent of the document is to communicate considerations 
undertaken in the series of choices relating to resource expenditure for CRA.  Please 
comment on the clarity and strength of the rationale presented and propose other 
considerations you feel may be useful to incorporate.  Please comment specifically on 
the proposed 1000-fold uncertainty factor and on conditions when it may be warranted.  
Below is an example comment and response relating to this point: 

 
Proposed “Rules of Thumb” for Estimating Threshold of Toxicological 
Interactions 
INTERNAL REVIEWER COMMENT: “Thus, for practical purpose of conducting CRA” 
Interesting rule, but the stated rationale (stated at the end on page 19) is pretty weak. 
The screening calculation might make more sense if stated in terms of an average 
hazard index (i.e., sum of each chemical’s exposure potential /RfD, and that sum then 
divided by N) or relative potency or some other normalizing method, then applying an 
additional screening factor (like an uncertainty factor or margin of safety factor) to 
account for potential synergistic interactions.  One could also evaluate the potential for 
antagonism and a lower level of hazard for a mixture.  A fixed screening factor for 
synergistic interactions (100 or 1000) could be consistently applied for all CAGs, but I 
think a CAG specific factor would be better.  The case by case factor could include 
some weighting for the number in the group, although I think better based upon what we 
know about the chemicals’ metabolism or other binding, what we know about 
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competitive inhibition/binding at different dose levels for the CAG chemicals, or about 
chemical reactivity for the chemicals in the CAG.  A similar method could apply for a 
cancer index using potential exposure over the 10^6 risk level (from slope factors or 
linear extrapolations from the NOAELs as the POD 10%). 
RESPONSE: This is a very good comment; likewise it was echoed in those from the 
other reviewer.  This issue (how best to develop a method to cull out potential scenarios 
for which a Comprehensive Cumulative Risk Assessment should be performed) will be 
raised for discussion at the level of external review.  It may be that such a point (when 
to not do such an assessment) should not be specifically “codified.” but be left to be 
addressed on a case-by-case basis.  This issue will be forwarded to the external review 
panel for comment.   
 

Reviewer Response: I agree with the reviewer above.  The rule of thumb should 
be characterized in terms of the hazard index for the mixture, and the numerical 
value of the “screening factor” for a given mixture should be left to scientific 
judgement. 

 
3.  Are you aware of any additional information which can be used to improve the 
present draft report? 
 

Reviewer Response: No. 
 
4.  Are there assumptions or uncertainties being made in this exercise that are not  
articulated? 
 

Reviewer Response: No. 
 
5.  Are the figures and tables informative?  Would revision of the tables or figures 
improve the clarity of the report or its conclusions?  If so, what are they? 
 

Reviewer Response: The figures and tables are adequate. 
 
6.  Are there important publications missing from the reference section?   
 

Reviewer Response: I think the report would be improved by doing a literature 
search and adding examples of interaction modeling that demonstrate its value.   

 
7.  What additional information would you like to see presented?   
 

Reviewer Response: Examples of modeling of interactions and how the 
modeling provided a quantitative understanding of the impact of the interaction 
on cumulative risk.   

 
8.  Please comment on the overall quality of the report and analysis.  What is your 
overall evaluation of the scientific content, readability and utility of the draft report?  Do 
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you have any suggestions relative to structure or content that would improve the quality 
of this draft report? 
 

Reviewer Response: For the most part, the report is well written and 
scientifically sound.  It should be useful as a an initial source of discussion on the 
merits of tissue dosimetry in cumulative risk assessment.  It sometimes feels 
rather shallow, however, because there are no concrete examples of the 
successful use of tissue dosimetry to improve a cumulative risk assessment.  I 
believe such examples exist for chemicals other than those discussed in the 
report, although they admittedly are for high exposure interactions (e.g., 
TCE/VDC, BTEX). 
 
There is one scientific inaccuracy I noticed: the reaction of OPs with AChE is not, 
in general, irreversible, as suggested on p. 43.  In fact, characterization of the 
relative rates of regeneration (reversible binding) and aging (irreversible binding) 
is an important aspect of the identification of the more dangerous OPs (e.g., 
soman). 

 
 
1.B.  Gary L. Ginsberg, Ph.D. 
 
General Comments 
 
This document presents some interesting arguments on how to screen multiple 
chemical exposures and determine whether an extensive PBPK modeling assessment 
would be needed to evaluate cumulative risk.  In this regard it is useful.  However, it is 
written more like a white paper than a framework or general guidance document and so 
would likely to be difficult to follow for the average risk assessor.  The ultimate user of 
this document is unclear (researchers/modelers? headquarters risk assessors involved 
in policy? Risk assessors in the field?).  It would be helpful at the outset to describe the 
intended audience and how they might consider using the approach.  Regardless of the 
audience, a summary of the proposed approach which highlights the key analytical 
phases and steps is needed.  The document is wordy and somewhat redundant with the 
purpose of individual sections relative to the overall flow not always clear.  Starting with 
a flow diagram or outline of the proposed approach (e.g., the 10 steps divided into 2 
phases with brief outline of purpose of each step) would help keep the various sections 
in perspective.  Then at the end, a section is needed which summarizes the overall 
approach to tie it together for the intended user.  For example, it might state that the 
screening level approach can be conducted by most risk assessors to quickly evaluate 
whether interactions are possible and whether a more quantitative (modeling) approach 
is needed.  This then would require recruitment of analysts which can gather the PK 
information, build  interaction models, etc. etc.  Right now, the document makes a 
number of good suggestions but does not do a good job of presenting them as an 
integrated and practical approach.   
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Charge Questions and Reviewer Responses 
 
1.  Does the document clearly distinguish interactions at the level of cumulative risk 
assessment and pharmacokinetics?  Does the document present the benefits of 
employing tissue dose, rather than environmental concentration as the basis for 
cumulative risk assessment? 
 

Reviewer Response:  The document spends considerable effort distinguishing 
between interactions than can be judged based upon additivity of effect vs. those 
that occur on a biochemical or toxicokinetic basis.  While this generally comes 
across, it can be more clearly described in Section 1.  For example, the 2nd 
paragraph of page 7 thru page 8 is the place where this distinction is made for 
the first time.  However, the paragraph starts out with other concepts 
(interactions that are passive/partitioning vs. active – metabolic) that are an aside 
to the key point that the interaction can be on a PD basis (additivity of effect such 
as with the OPs) or on a PK basis (interference with metabolic activation, 
detoxification, clearance, binding, etc.).  From such an introduction, one could 
then go on to state how these types of interactions are different and need to be 
analyzed differently (e.g., one with RfD approach, one with PBPK analysis) but 
that both types of interactions need to be considered jointly as part of the overall 
CRA.  Setting up the differences while also explaining the need for a common 
analytical framework is critical to the success of the rest of the document.  Right 
now the reader has to do too much work to figure out the implications of the 
distinction that is being made on pages 7-8.  I don’t think this is clarified to a 
satisfactory extent at later points where the difference is brought up again.  
However, I must add that the 2 types of mixtures examples as discussed on 
pages 13-14, the OPs vs. the chlorinated solvents, does help clarify the 
distinction in that they exemplify the two types of interactions quite well.  Some 
framing verbiage would help solidify that understanding (e.g., “The two case 
study mixtures were selected to exemplify ……, OPs on the one hand represent 
……, while the chlorinated water contaminants represent the other type of 
interaction at the PK level.  This document uses these different examples to 
show that different types of interactions can be analyzed jointly within a unified 
framework”).   
 
The second part of this charge question, whether the case is adequately made 
for the benefits of analyzing at the tissue dose rather than environmental 
concentration level.  The case for this is argued fairly strongly with at times 
overzealous language (e.g., - page 4 - “wonderful”, “the best”).  However, it is still 
somewhat unclear whether the tissue (PBPK) level of analysis is needed for 
CRAs involving interaction at the PD level.  If this is the case (and it may well be), 
it is not argued well in this document.  In contrast, the need for internal dose 
resolution for PK interactions is clear. 

 
2.  The decision point for continuing to develop a comprehensive cumulative risk 
assessment (a PBPK-based approach and assessment) is presented in Step 4 of the 
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analysis plan.  It is based on the assumption of chemical additivity, and includes a 
Hazard Index type analysis coupled with an uncertainty factor intended to address 
interactions (in the broad definitional sense).  This point has drawn appreciable 
comment previously.  The intent of the document is to communicate considerations 
undertaken in the series of choices relating to resource expenditure for CRA.  Please 
comment on the clarity and strength of the rationale presented and propose other 
considerations you feel may be useful to incorporate.  Please comment specifically on 
the proposed 1000-fold uncertainty factor and on conditions when it may be warranted.  
Below is an example comment and response relating to this point: 
 
Proposed “Rules of Thumb” for Estimating Threshold of Toxicological 
Interactions 
INTERNAL REVIEWER COMMENT  “Thus, for practical purpose of conducting CRA” 
Interesting rule, but the stated rationale (stated at the end on page 19) is pretty weak. 
The screening calculation might make more sense if stated in terms of an average 
hazard index (i.e., sum of each chemical’s exposure potential /RfD, and that sum then 
divided by N) or relative potency or some other normalizing method, then applying an 
additional screening factor (like an uncertainty factor or margin of safety factor) to 
account for potential synergistic interactions.  One could also evaluate the potential for 
antagonism and a lower level of hazard for a mixture.  A fixed screening factor for 
synergistic interactions (100 or 1000) could be consistently applied for all CAGs, but I 
think a CAG specific factor would be better.  The case by case factor could include 
some weighting for the number in the group, although I think better based upon what we 
know about the chemicals’ metabolism or other binding, what we know about 
competitive inhibition/binding at different dose levels for the CAG chemicals, or about 
chemical reactivity for the chemicals in the CAG. A similar method could apply for a 
cancer index using potential exposure over the 10^6 risk level (from slope factors or 
linear extrapolations from the NOAELs as the POD 10%). 
RESPONSE:  This is a very good comment; likewise it was echoed in those from the 
other reviewer .  This issue (how best to develop a method to cull out potential 
scenarios for which a Comprehensive Cumulative Risk Assessment should be 
performed) will be raised for discussion at the level of external review.  It may be that 
such a point (when to not do such an assessment) should not be specifically “codified”, 
but be left to be addressed on a case-by-case basis.  This issue will be forwarded to the 
external review panel for comment.   
 

Reviewer Response:  This screening approach is both intriguing and troubling.  
The attraction to it is that it offers a unified way to screen different types of 
interaction mechanisms for potential likelihood of occurrence.  The problem is 
that one approach may not fit different interaction mechanisms.  The RfD/N 
additivity approach comes out of the common PD MOA – additivity mechanism in 
which each ingredient in the mixture has a common PD target/endpoint (e.g., 
brain AChE inhibition).  In this case, a simplistic hazard equation (exposure 
dose/modified RfD) makes some sense in that the RfD for single compounds is 
set to be below an effects level for even sensitive individuals and lowering the 
RfD to take into account interacting chemicals that have the same MOA has 

 D-7



some rationale.  It may be a conservative default if the various chemicals have 
similar potency.  One gets nervous about this approach for similarly targeted 
chemicals when one considers the malathion/dicrotophos comparison presented 
on pages 28-29.  Here are similarly acting OPs which have vastly different dose 
response for the same endpoint.  If we are evaluating an interaction between 
these 2 OPs, does it make sense to only lower the malathion RfD (the less potent 
ingredient) by a factor of 2?  One might guess that the high potency of 
dicrotophos might cause it to be more influential in an interaction scenario and so 
should be more heavily weighted.  Perhaps whats needed is an approach which 
weights each ingredient’s contribution to the interaction based upon its potency 
and its dose level in the system.  If dicrotophos is present at levels far  below its 
RfD, then it likely doesn’t matter that its so potent.  Thus, rather than adding 
malathion and dicrotophos together as two equally important constituents 
(1+1=2) and then dividing each RfD by 2, perhaps one should consider the 
dicrotophos contribution relative to the malathion contribution as follows:   
 
(Malathion RfD/Dicrotophos RfD) * (Dicrotophos dose level/ Dicrotophos RfD) 
 
If Malathion RfD is 1000x greater than the Dicrotophos RfD and the dicrotophos 
dose is 1000x lower than its RfD, then the above equation yields 1 and the 
dichrotophos contribution to the cumulative interaction would equal that 
contributed by malathion and you could divide the malathion RfD by 2 (N=2) as in 
the proposed screening method.  However, if the dicrotophos exposure level is 
0.1 of the RfD, then the malathion RfD would be divided by 1 (for malathion) + 
100 (from above equation for dicrotophos contribution) (N = 101).  Obviously this 
can become more complicated and unwieldy for ternary or higher order 
interactions and so one needs a simplifying assumption that the potency 
adjustment is only needed for the more potent ingredients and only if they 
exceed a given ingredient’s potency (lower RfD) by 3x or more.  Thus, if you 
have 5 OPs in the mixture with 3 having similar potency and 2 being considerably 
more potent, you would only need to run the above equation twice to calculate 
how much RfD lowering is contributed by these 2 more potent ingredients.   
 
The above discusses issues with the screening approach for chemicals acting via 
similar PD MOAs.  However, this approach may not be so relevant for chemicals 
which  interact strictly via PK mechanisms (e.g., the chlorinated solvents 
interacting at the level of CYP2E1).  In this case, there may be no relationship 
between a chemical’s RfD and its ability to compete for throughput via 2E1.  For 
example, a chemical may have a high RfD but also a high affinity for 2E1 which 
may make it a stronger metabolic interactor than a chemical with a low RfD but 
weak affinity for 2E1.  Thus, for PK-interacting chemicals, screening on the basis 
of RfD/N may have little relevance to what is going on biochemically, especially 
since these chemicals may have different PD targets and MOAs (e.g., one 
solvent affecting CNS while other affects liver).  The example of fenitrothion and 
parathion interaction is a good example of the fact that a chemical does not have 
to exert a measureable toxic effect (only a biochemical effect) to synergize 
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another chemical.  Fenitrothion ties up peripheral carboxylesterases so that at 
doses well below those required for fenitrothion AChE inhibition, a synergistic 
interaction with parathion is set up.   
 
It may well be that in most cases, the RfD is set low enough so that not only are 
risks for toxicity averted but also there is no biochemical perturbation relevant to 
interaction with other chemicals at the RfD/N dose.  However, the case for this 
needs to be explored and made stronger.  For example, dioxin is a potent 
inducer of the CYP1A family which may cause interactions with other CYP1A 
family substrates.  Do we know that RfD/N for dioxin (or PCBs) will make this 
type of biochemical/interaction mechanism moot?  
 
I believe that evidence supporting this screening approach may be obtainable via 
interactive case studies which involve PBPK analyses exploring what goes on at 
high dose vs. what occurs at RfD-type doses.  My guess would be that for simple 
competition interactions and protein binding interactions, the RfD/N approach 
would be a reasonably conservative screen.  However, this may be less clear for 
enzyme induction interactive mechanisms, or perhaps for non-competitive 
inhibition mechanisms.  The fenitrothion/parathion interaction mentioned above 
would be interesting to test in this regard.      
 
This charge question also raises the issue of whether a default approach 
(NOAEL / 1000 fold UF) is a useful default in the case where an RfD is 
unavailable for a particular constituent.   The idea is that a 1000x cumulative UF 
will create an RfD that is low enough to protect against the possibility of 
synergistic interactions.  This approach does not appear to be well thought out.  
The RfD should be set based upon the relevance and strength of the underlying 
database.  The greater the uncertainty, the larger the cumulative UF.  RfDs are 
set based upon the dose-response assessment for individual chemicals and are 
not based upon whether they have an interaction with other chemicals.  It would 
be preferable to stick with the standard risk assessment approach to RfD setting 
when starting from a NOAEL and not use a default factor that incorporates 
concerns over synergistic interaction.  The analysis of interaction, whether 
screening or detailed, should be a separate step from dose-response 
assessment.  Since IRIS RfDs do not incorporate a group interaction UF, to use 
one in the case of a missing RfD would create an apples and oranges situation in 
which the different types of RfDs would not be comparable.    
 
It is important to note that the focus should not be on how much potentiation is 
possible in a synergistic interaction but whether the concentrations of the 
reactants are high enough for a meaningful interaction to take place.  If this is so, 
then one moves beyond the screening level to Phase II in the 10 step process.  
Hopefully during this phase one can determine whether synergy is possible and 
to what extent.   
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If there is a particular concern over the possibility of synergy during the screening 
phase of the analysis (e.g., OPs that can interact the way that fenitrothion 
interacts with malathion) one could incorporate it into the RfD/N approach by 
increasing the value of N for synergistic chemicals in a manner similar to the 
dichrotophos example above.  Such a method could be tested with known 
synergistic interactions on a pharmacokinetic level of analysis to document that 
the screening level approach is protective against synergists.  Such analyses 
may show what additional factor (if any) is needed to modify N in the RfD/N 
paradigm to ensure protection against synergistic interactions.   
 
In summary, I would recommend against adjustment of the way in which one 
goes from a NOAEL to an RfD but would rather adjust for synergistic interactions 
on a case specific basis by adjusting the value of N in RfD/N.   
 

3.  Are you aware of any additional information which can be used to improve the 
present draft report? 
 

Reviewer Response: As stated above, the fenitrothion/parathion synergistic 
interaction is important to mention.  The document should also describe other 
types of interactions (non-competitive inhibition, enzyme induction, etc) and how 
they can be brought within the CRA analytical framework.    

 
4.  Are there assumptions or uncertainties being made in this exercise that are not  
articulated? 
 

Reviewer Response: No, nothing not already talked about.   
 
5.  Are the figures and tables informative?  Would revision of the tables or figures 
improve the clarity of the report or its conclusions?  If so, what are they? 
 

Reviewer Response: As described above, a framework overview figure would 
be very helpful at the outset and a summary version at the end showing key 
decision points would also be helpful.   
 
Figure 1 does not capture the interaction between OPs at the level of peripheral 
carboxylestases (CE).  A prime example of this is the fenitrothion synergism of 
parathion.  This type of interaction should be included in the chart.   
 
Figure 2 might be improved by indicating the direction of the interaction at each 
step: e.g., if 1 inhibits 3 at level of 2E1 then there might be more of 3 available for 
GSH conjugation and renal toxicity.  Without this context the figure can seem 
overwhelming and may not relate as clear a message regarding the importance 
of the interactions.. vis-à-vis the text.   
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6.  What additional information would you like to see presented?   
 

Reviewer Response: The paper lacks citations of PBPK modeling studies in 
which interactions were evaluated.  I believe several studies have been 
published along these lines.  Additional background information on the various 
types of PD and PK interactions possible would be helpful (e.g., interaction at 
level of competitive or non-competitive enzyme inhibition; at level of GSH 
depletion predisposing to second toxicant that needs GSH; at level of enzyme 
induction, etc. 

 
7.  Please comment on the overall quality of the report and analysis.  What is your 
overall evaluation of the scientific content, readability, and utility of the draft report?  Do 
you have any suggestions relative to structure or content that would improve the quality 
of this draft report? 
 

Reviewer Response: For overall quality, readability and utility,  see general 
comments above.  To reiterate, the intended end user(s) should be stated up 
front, how and when they might use the document should also be stated, and 
then this should be kept in mind throughout the writing.  This may enable it to 
become less of a white paper and more of an analytical framework document.   
 
Some specific comments are as follows: 
 
Section 1.1 –the lengthy quotes from the Hansen and Gilman memos do not 
appear to be necessary.  The main points can be highlighted much more briefly, 
using selective quotes.   
 
Page 16, large para – This paragraph addresses the problem of aggregating 
exposures across chemicals, each of which has its own data distribution.  The 
discussion here seems too complex and misses what I think is the main option – 
a screening level approach where an upper bound value is used for each 
contaminant.  If there are not signficiant interactions with these across the board 
upper bound concentrations, then there is little need to worry about the full data 
distributions for each analyte.  There are a number of options for more refined 
analyses.  One in particular that may be attractive is to run the interaction 
scenario 4 times (if there are 4 chemicals interacting in the mixture).  Each run 
uses the 95th percentile for one chemical and the average concentration for the 
other 3 chemicals when the first chemical is at its 95th percentile.  The point 
sampling approach on pages 16 to 17 is worth mentioning but appears to be 
impractical.   
 
Page 19, bottom para – The issue of age-related variability is briefly discussed.  
Some contextual discussion is needed of the types of immaturities that may 
predispose to PK or PD interactions in early life as opposed to adults.  One can 
cite the early life vs. adult OP studies showing greater sensitivity in young rats 
with mechanistic work demonstrating both PK and PD bases for the sensitivity 
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differences.  This has obvious bearing on the potential for OP to OP interactions 
in young vs. old rats.   
 
Page 27 – middle of page – “some number of components would be at a 
significant fraction of the NOAEL.  These components would survive the initial 
analysis.“ 

What is meant by a significant fraction?  Several lines later it states that 
others may be present at levels below or near RfD/N and so could be excluded.  
This language is too vague.  The screening level RfD/N approach needs to be 
clarified with regards to what exposure level (relative to RfD/N) would constitute a 
significant interaction potential.   
 
Pages 36-38 and beyond – discussion of PBPK modeling of chemical 
interactions – this section mentions some key parameters that will be needed but 
does not describe how these parameters can come together to predict the 
outcome of the interaction – e.g., that the ratio of tissue concentration to Km is a 
key factor for competitive interactions involving M-M kinetics.  It would be useful 
to have a table of the key interactive equations (and parameter definitions) for the 
major types of interactions: M-M enzyme competive, non-competitive; 
competition for protein binding sites (e.g., albumin, CEs), enzyme induction, etc.   
 
Page 38, bottom:  should describe some of the issues with recombinant CYP 
systems (e.g., expression systems may not also express electron transport 
enzymes or they may be in wrong proportions).   

 
 
II.  FINAL REVIEW COMMENTS 
 
II.A.  Document Overview 
 
Dr. Lipscomb provided an overview of the document and reviewed the charge 
questions.  He explained that pharmacokinetics is important in evaluating human 
exposure and refining the doses used in the dose-response relationship.  It is important 
in cumulative risk and mixtures assessment because the internal doses of some 
components of the mixture can alter the tissue dosimetry of other components.  Dr. 
Lipscomb provided as background information the fact that Congress mandated that 
EPA conduct a cumulative risk assessment for organophosphorous (OP) pesticides that 
share a common mode of action.  Because of that mandate, the EPA’s guidance 
determines that when chemicals have the same mode of action, one can use the dose-
addition or response-addition approach to evaluate cumulative risk.  One of EPA’s 
challenges is to develop methods to estimate risks from environmental mixtures 
containing a variety of chemicals, often acting through different modes of action.  PBPK 
modeling is a valuable tool for developing the approaches to conduct cumulative risk 
assessments, with internal tissue doses being a critical step in the process.  Dr. 
Lipscomb suggested that the group should keep this important issue in mind when 
reviewing the first document. 
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Method of Analysis to Perform a Tissue-Based Cumulative Risk Assessment for 
Mixtures of Chemicals is a document that attempts to take a 10-step process, 
developed by the Office of Pesticide Programs under a Congressional mandate, and 
inform a cumulative risk assessor of the benefits and considerations that need to be 
recognized when the assessor applies the 10-step process.  The document presents 
two examples of chemical mixtures, OP pesticides and volatile organic chemicals.  Dr. 
Lipscomb stated that the key step is the decision point which is after Step 5 in the 10-
step process.  The document discusses comprehensive cumulative risk assessment 
which means a physiologically- or tissue-based approach.  Dr. Lipscomb believes that it 
will be difficult to get to that stage of risk assessment due to the lack of reliable data.  
He stated that the analysis still needs to be done but there might be uncertainty in the 
outcome.  
 
Dr. Lipscomb indicated that confusion may arise about the term “interaction,” which in 
cumulative risk assessment means that the observed toxic response cannot be 
predicted by the addition of the doses of the individual components or responses from 
the addition of individual components.  Pharmacokinetics can assist in considering 
metabolic interactions and estimating chemical concentrations in the target tissue.   
 
Dr. Lipscomb explained that the document is intended for NCEA internal use.  He 
reviewed the charge questions and highlighted that he would like comments regarding 
the decision point step of the process. 
 
 
II.B.  General Comments 
 
Mr. Clewell requested general comments from the reviewers on the document, Method 
of Analysis to Perform a Tissue-Based Cumulative Risk Assessment for Mixtures of 
Chemicals.  Dr. Richard Bull stated that the reaction network modeling references 
interrupt the flow of the document and could be made into footnotes.  Dr. Gary Ginsberg 
recommended toning down the “overzealous” language (terms like “wonderful”).  Dr. 
Moiz Mumtaz felt that the document did not reflect the EPA 2000 “Supplementary 
Guidance for Mixtures” document.  Also, he felt that the approach for assessing 3-4 
chemicals is not adequate for more realistic environmental mixtures containing 
hundreds of chemicals.  Dr. Clifford Weisel felt that the section on pharmacodynamics 
was rushed and Dr. Bull agreed; they decided to address this issue in the responses to 
charge questions.  Mr. Clewell agreed with the previous comments and added that there 
should be discussion of all the different levels of interactions that can occur, not just 
metabolic enzyme interactions.  He also added that these metabolic interactions 
typically do not occur at low doses, which is needed for the assessment to be 
interesting in terms of evaluating interactive effects.  Dr. Ginsberg agreed that it was 
important to point out that other pharmacokinetic interactions exist, but to state that the 
document focuses on the 10-step process.  Dr. Mumtaz agreed that other types of 
interactions should be mentioned and acknowledged, but that it should be pointed out 
that they wouldn’t be completely explained or solved in the document.  Dr. Ginsberg did 
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not feel that the document was user-friendly and would like a flowchart of the 10-step 
process included up front in the document to help the reader understand where they are 
in the process as they move through the steps.  Mr. Clewell agreed and would also like 
a diagram of the levels of interaction included. 
 
 
II.C.  Response to Charge Questions 
 
1.  Does the document clearly distinguish interactions at the level of cumulative risk 
assessment and pharmacokinetics?   
 

Reviewer Response: Yes, it does, for the most part, but more discussion in the 
early part of the document would be helpful (section 1.6).  Examples of published 
interactions and their impact would also help.  E.g., mention of interaction 
threshold dose studies.  Case studies could be used to demonstrate the different 
levels of interactions.   
 
There needs to be some discussion of other levels of interactions (e.g., 
pharmacodynamic) between the two extremes currently identified in the 
document.   
 
EPA Response: Section 1.6 has been substantially expanded.  Examples of 
some published interactions have been added.  The second paragraph contains 
a description of a work by Dobrev and colleagues that demonstrates interactions 
thresholds.  This constitutes one case study where an interaction threshold has 
been determined.   
 
Some discussion of other levels (types) of interactions has also been added to 
section 1.6.  The fifth paragraph contains the example of piperonyl butoxide 
(PBO) and a Detoxicated insecticide.  Here, PBO exerts an effect which is 
unlikely associated with the toxicity of PBO, but which markedly decreases the 
ability of the organism to metabolize the active insecticide.  Also, the example of 
thioacetamide and carbon tetrachloride has been included in paragraph 6.  This 
example demonstrates how pretreatment with one toxic compound can be 
protective against subsequent and otherwise lethal doses of another compound.  
Finally, paragraph 8 contains an example indicated in the reviewers’ comments 
to charge question 3.  The OP inhibition data from the Chambers et al. and 
Cohen et al. publications have been included in this paragraph.   

 
Does the document present the benefits of employing tissue dose, rather than 
environmental concentration as the basis for cumulative risk assessment? 
 

Reviewer Response: A better case is made for the value of tissue dose for 
pharmacokinetic interactions than for its value for cumulative risk assessment.  
Need to include a hypothetical case study of receptor interaction in section 
2.3.1.4. 
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EPA Response:  The modifications made in response to Charge question 1 
largely address this comment.  The additions specifically include measures of 
internal dose (especially the example by Dobrev and colleagues) for use in 
interactions as well as in cumulative risk assessment.  The report has been 
challenged to include characterizations of receptor interactions in multiple 
locations have been suggested by one particular reviewer.  We feel that the 
document adequately conveys its general points without the inclusion of a 
receptor interaction example.  

 
2.  The decision point for continuing to develop a comprehensive cumulative risk 
assessment (a PBPK-based approach and assessment) is presented in Step 4 of the 
analysis plan.  It is based on the assumption of chemical additivity, and includes a 
Hazard Index type analysis coupled with an uncertainty factor intended to address 
interactions (in the broad definitional sense).  This point has drawn appreciable 
comment previously.  The intent of the document is to communicate considerations 
undertaken in the series of choices relating to resource expenditure for CRA.  Please 
comment on the clarity and strength of the rationale presented and propose other 
considerations you feel may be useful to incorporate.  Please comment specifically on 
the proposed 1000-fold uncertainty factor and on conditions when it may be warranted.  
Below is an example comment and response from the Internal Review relating to this 
point: 
 
Internal Review Comment, Proposed “Rules of Thumb” for Estimating Threshold 
of Toxicological Interactions 
INTERNAL REVIEWER COMMENT  “Thus, for practical purpose of conducting CRA” 
Interesting rule, but the stated rationale (stated at the end on page 19) is pretty weak. 
The screening calculation might make more sense if stated in terms of an average 
hazard index (i.e., sum of each chemical’s exposure potential /RfD, and that sum then 
divided by N) or relative potency or some other normalizing method, then applying an 
additional screening factor (like an uncertainty factor or margin of safety factor) to 
account for potential synergistic interactions.  One could also evaluate the potential for 
antagonism and a lower level of hazard for a mixture.  A fixed screening factor for 
synergistic interactions (100 or 1000) could be consistently applied for all CAGs, but I 
think a CAG specific factor would be better.  The case by case factor could include 
some weighting for the number in the group, although I think better based upon what we 
know about the chemicals’ metabolism or other binding, what we know about 
competitive inhibition/binding at different dose levels for the CAG chemicals, or about 
chemical reactivity for the chemicals in the CAG.  A similar method could apply for a 
cancer index using potential exposure over the 10^6 risk level (from slope factors or 
linear extrapolations from the NOAELs as the POD 10%). 
RESPONSE:  This is a very good comment; likewise it was echoed in those from the 
other reviewer .  This issue (how best to develop a method to cull out potential 
scenarios for which a Comprehensive Cumulative Risk Assessment should be 
performed) will be raised for discussion at the level of external review.  It may be that 
such a point (when to not do such an assessment) should not be specifically “codified”, 
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but be left to be addressed on a case-by-case basis.  This issue will be forwarded to the 
external review panel for comment.   
 

Reviewer Response: 
A. Conceptually, such a screening rule of thumb is a good idea.  Practically, the  

difficulty is knowing the relationship of the RfD and the interaction threshold.  
Should use target organ toxicity data, not most sensitive NOAEL, since the 
latter may not be for same site.   

B. A default factor of 1000 should not be applied; instead an RfD equivalent 
should be derived for the appropriate effect, as explained in the TTD 
document.  Secondary endpoints (e.g., developmental) should also be 
considered.   

C. The document should make the point that the interaction threshold may be 
determined by pharmacokinetic factors (for example, saturation of enzyme 
systems and enzyme inhibition or induction), and not a toxicity threshold.  The 
interaction threshold may determined by data on the dose/response for the 
induction of an enzyme, for example, but this should not be confused with a 
threshold for a toxic effect.   

D. Case by case informed scientific judgment based on knowledge of the 
mechanism of action is necessary.  The proposed rule of thumb may be 
valuable for the organophosphate common mechanism group, but it is 
questionable to apply it for metabolic interactions, without data on the 
relationship of the dose-responses for metabolic interactions and toxicity.   

 
EPA Response:  
A.  The proposed rule of thumb has been removed and the issue has been 

characterized as one that should be undertaken on a case-by-case basis.   
B.  The default factor of 1,000 has been removed.  The entire Rule of Thumb text 

has been removed.  Section 2.2.4 has been substantially expanded and now 
includes a worked example of a Target Organ Toxicity Dose example as 
suggested by the reviewers.   

C.  That toxicokinetics (e.g., metabolic interactions) can be the determinant of 
mixtures interactions has been clearly included, see response to charge 
question 1 and section 1.6 of the document.   

D.  The approach has been restructured and communicated in a manner to 
clearly indicate that the decision to proceed with developing a physiologically 
based pharmacokinetic analysis to mixtures risk should be undertaken on a 
case bycase basis.  

 
3.  Are you aware of any additional information which can be used to improve the 
present draft report? 
 

Reviewer Response:  
A.  Examples from the literature, demonstrating the effect of interactions on 
toxicity.  Presentation of the literature on receptor interactions.  Mention of other 

 D-16



types of interactions (enzyme induction, non-competitive inhibition, etc.).  
Equations describing interactions.  
 
B.  A good example of a mechanism of interaction that would have very little to 
do with the proposed RfD-based cumulative analysis is the potentiation of OP 
toxicity by tieing up serum carboxylesterases.  Pretreatment  with low toxicity 
pesticides like fenitrothion and other low toxicity chemicals such as bis-p-
nitrophenyl phosphate (BNPP) can potentiate malathion, soman, etc.  The 
LOAEL, NOAEL and RfD for the potentiating agents would be based upon other 
endpoints that would not reflect their ability to interact with OPs.   
 
References: Chambers, et al., Effects of 3 reputed carboxylesterase inhibitors 
upon rat serum esterase activity.  Neurosci Biobehav Rev 15: 85-88, 1991. 
 
Cohen, Mechanisms of toxicological interactions involving organophosphate 
insecticides.  FAT 4: 315-324, 1984. 

 
EPA Response:  
A  Other types of interactions have been included, specifically in section 1.6.  An 
example of enzyme induction has not, however, been included, neither has one 
on receptor binding been included.  The report is constructed to guide the risk 
analyst through the process of justifying and undertaking physiologically based 
analysis of mixtures and or cumulative risk.  As such, more than a few examples 
are not warranted.   
 
B  The information contained in the references suggested by the reviewers has 
been included in passages inserted into section 1.6.  This passage describes OP 
and AChE interactions in more detail. 

 
4.  Are there assumptions or uncertainties being made in this exercise that are not  
articulated? 
 

Reviewer Response: Use of Hazard Index approach for estimating threshold for 
metabolic interactions.  (although effect threshold is ultimate issue.) 
 
EPA Response: The application of the Hazard Index approach does not and is 
not intended to address metabolic interactions.  Perhaps the reviewer 
misunderstood something.  No change made.   

 
5.  Are the figures and tables informative?  Would revision of the tables or figures 
improve the clarity of the report or its conclusions?  If so, what are they? 
 

Reviewer Response: Need flow chart of 10 steps and diagram of multiple levels 
of interactions (PK, PD). 
Need table of definitions. 
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EPA Response: A flow chart of operations has been developed and inserted as 
Figure 1.  It divides the activity into the Initial Assessment, comprising steps 1-5, 
and the Dosimetry-Based Cumulative Risk Assessment, comprising steps 6-10. 

 
6.  Are there important publications missing from the reference section?   
 

Reviewer Response: Mehendale et al. (effects on repair of injury).  Swartout et 
al. (combining HQs).  Target organ toxicity doses (EPA/ATSDR  publication).  
Krishnan et al. (BTEX).  Andersen et al. (TCE/DCE).  Bull et al. (TCA/DCA).  
Chambers et al., Pope et al. (OP mixture studies).  ATSDR interaction profiles.  
Rider et al. (human OP studies).  Paul Price (P3M).  Herzberg (MIXTOX 
database). 
 
EPA Response:  
• The reviewers point out several areas of work which could enhance the depth 

of the report and/or broaden its treatment of uncertainty.  The report has been 
revised to include an example from Mehendale (Tissue repair: an important 
determinant of final outcome of toxicant-induced injury. Toxicol Pathol. 33:41-
51, 2005) on pre-exposure and its effect on stimulating tissue repair near the 
end of section 1.6.    

• Swartout’s reference on probabilistic approaches to developing reference 
doses (A probabilistic framework for the reference dose (probabilistic RfD) 
Risk Anal. 18:271-82, 1998) was considered but not included due to its 
indirect relationship to pharmacokinetics and the assessment of exposure.  

• A complete and substantial treatment of Target Organ Toxicity Doses has 
been incorporated in section 2.2.4.  References from the US EPa and from 
Mumtaz have been cited.   

• The reviewer suggests inclusion of a publication by Krishnan and colleagues 
on BTEX.  Instead, the report has been revised to include a reference from 
Dobrev and colleagues that addresses the same issue (thresholds for 
metabolic interactions) as does the Krishnan paper.  This example can be 
found a couple of pages into section 1.6.  The Bull publication on TCA/DCA 
could be one of several that, en masse, conclude that dichloroacetic acid is a 
metabolite of trichloroacetic acid and that the liver tumors produced by DCA 
and TCA are phenotypically different, when cell membrane proteins are 
evaluated.  Bull and colleagues concluded that, when administered 
separately, TCA and DCA promoted the outgrowth of different subpopulations 
of spontaneously-arising tumors in rodents.  A complicating factor for 
estimating internal doses of DCA is that administration of DCA at high doses 
tends to inhibit its own metabolism, prolonging biological residence time.  It is 
not immediately clear how the inclusion of these points would improve the 
manner in which the document informs the risk assessor in choosing whether 
and how to implement PBPK modeling to refine mixtures or cumulative risk 
assessment.   

• A PubMed search revealed no returns for organophosphate mixture studies 
published by Jan Chambers or by Carey Pope.   
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• The reviewer suggests that the reference list should include some 
Interactions Profiles developed by the ATSDR.  A reference to that database 
has been added to section 2.2.1.   

• Extensive searching for Rider and human organophosphate returns was 
fruitless.  However, a chapter in the PhD dissertation (2005) for Cynthia V 
Rider demonstrates the development and application of a mathematical 
model for inhibition of a detoxicating enzyme in a mixtures toxicity context:   

 
An Integrated Addition and Interaction (IAI) model of mixture toxicity was 
constructed and validated using a ternary mixture of organophosphates 
(malathion and parathion) and the P450 inhibitor piperonyl butoxide. Individual 
chemical concentration-response parameters and binary interaction data were 
used in the model. Modeled data was compared to experimentally derived data 
from Daphnia magna acute toxicity assays. The IAI model provided a good fit to 
the data. Results indicated that toxicokinetic interactions could be quantified and 
incorporated into mixture toxicity models. 
http://www.lib.ncsu.edu/theses/available/etd-01022006-
223335/unrestricted/etd.pdf 

 
However, this is not a human data set, and the example is the one for 
piperonyl butoxide, already incorporated into Section 1.6. No change was 
made.   

 
• The reviewer has suggested that the document could be improved by 

including reference to the work done by Paul Price and collaborators, 
especially that from the P3M database.  This database contains measured 
variability in physiological parameters in humans.  Because variation in these 
parameters may influence internal dosimetry, they can influence risk.  
Application of the data in the database would improve the estimates of 
variability in internal dosimetry for a given chemical, but because variability in 
a given direction for one parameter can increase dosimetry for one compound 
while decreasing dosimetry for another compound, it is not clear that inclusion 
of this work would increase the document’s treatment of internal dosimetry as 
a modulator of risk, except when a PBPK model has already been developed 
for the chemical(s) of interest.  As such, this work (abstract from the 2003 
meeting of the Society for Risk Analysis below) has not been included in the 
revisions to the report.  

 
Modeling Inter-individual Variation in Physiological Factors Used in PBPK 
Models of Humans, by PS Price et al. SRA, 2003,  
Modeling interindividual variation in internal dose in humans using PBPK models 
requires data on the variation in the physiological parameters across the 
population of interest. These data should also capture the correlations between 
the values in each person. In this project, we developed a tool to provide such 
data and its correlations. The tool provides a source of data for human 
physiological parameters where 1) the parameter values for an individual are 
correlated with one another, and 2) values of parameters vary according to 
interindividual variation in the general population, by gender, race, and age. The 
parameters investigated in this project include: 1) volumes of selected organs 
and tissues; 2) blood flows for the organs and tissues; and 3) the total cardiac 
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output under resting conditions and average daily inhalation rates. These 
parameters are expressed as records of correlated values for the approximately 
30,000 individuals evaluated in the NHANES III survey. Software was developed 
that allows records to be retrieved randomly from the database with specification 
of constraints on, age, sex, and ethnicity. The [P3M] database and 
accompanying software together provide a convenient tool for parameterization 
of human PBPK models for the study of interindividual variation. In addition, the 
data provides a useful information on the variation in physiological parameters in 
adults and children. This work was funded by the American Chemistry Council. 

 
• The reviewer also suggested the MixTox database developed by Hertzberg 

and collaborators.  While this database was useful, especially in assessing 
the likelihood of interactions in binary mixtures, it has not been maintained 
and is no longer publicly available.   

 
7.  What additional information would you like to see presented?   
 

Reviewer Response:  
A.  Receptor theory (e.g., from textbook by Pratt and Taylor).  Mechanism vs. 
mode of action and implications for interactions (AChE reversible inhibition vs. 
aging vs. ion channel disruption.  The document over-simplifies the nature of OP 
inhibition of AChE, which can be either reversible or irreversible (aging).  
Complex mixture issues (DBPs, gasoline). 
 
B.  Some discussion of time element (variation in exposure) and linkage to 
exposure modeling. 
 
C.  How to identify potential exposures is not covered.  Need indication of 
completed exposure pathway for mixture to define need for CAG. 
 
D.  Need clearer criteria for step 5 cutpoint.  (availability of data?, evidence of 
interaction?).  Just common metabolism enzymes is not the only criteria.   

 
EPA Response:  
A.   
• The document will not be revised to include receptor theory.  The reviewer 

seems to indicate that the document would benefit from inclusion of the 
distinction between mechanism and mode of action.  The basis for deciding 
the grouping of chemicals for CRA is the Common mechanism Group (CMG) 
per US EPA guidance.  Note that this distinction is made at the level of 
“Mechanism”, not Mode.  A key point underlying this comment is perhaps 
sentiment that critical toxicologic interactions can be based on effects that are 
not directly involved in the mechanism of action, or are based on events 
included in the mode, but not the mechanism.  Such an interaction based on 
the former is exemplified by piperonyl butoxide, as can now be found in 
Section 1.6.  The opening passages in section 1.6 have also been revised to 
include a distinction between Mechanism and Mode and a caveat about how 
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focusing only on mechanism can result in an overlooking of important bases 
for chemical interactions.    
 

• The document has been revised to include a more technical treatment of OP 
interactions, specifically to include binding half-life and aging of enzyme 
complexes.  This can be found in a separate paragraph near the end of 
section 2.2.4.    
 

• The reviewer indicates that complex mixtures such as gasoline and drinking 
water disinfection byproducts should be addressed.  It is felt that the 
considerations presented in this document apply equally to simple and to 
complex mixtures.  No revision made. 

 
B.  The reviewer indicates that complex mixtures such as gasoline and drinking 
water disinfection byproducts should be addressed.  It is felt that the 
considerations presented in this document apply equally to simple and to 
complex mixtures.  No revision made. 
 
C.  Per the reviewer’s suggestion, a passage has been added to the end of 
section 2.2.2 which communicates the 5 steps identified by ATSDR and 
references their 2005 guidance. 
 
D.  There is not going to be a more clearly made cut-point.  The document 
instead espouses a case by case approach to the decision.   

 
8.  Please comment on the overall quality of the report and analysis.  What is your 
overall evaluation of the scientific content, readability and utility of the draft report?  Do 
you have any suggestions relative to structure or content that would improve the quality 
of this draft report? 
 

Reviewer Response: Excellent explication of mixtures issues within the context 
of a standard paradigm.  The document makes its main point (the importance of 
considering metabolic interactions) well.  The main requirement to improve it is 
some discussion of other levels of interaction (PD) and examples from the 
literature of the impact of PK and PD interactions on cumulative risk assessment. 
 
Put reaction network discussion in footnotes or delete.   
Tone down language (“wonderful”). 
 
“Comprehensive” implies more than just target tissue based.  Refer to as 
“dosimetry-based” instead. 

 
EPA Response:  
A.  Several additional interaction types and results have been included in the 
report including metabolic induction, metabolic inhibition, and alterations of 
biological response (dynamics, induction of tissue repair). 
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B.  Reaction network modeling was mentioned in two places in the draft report.  It 
was retained in the first instance, but was there relegated to a footnote.  It was 
deleted in the second instance. 
 
C.  There were several subjective and biased terms included in the external 
review draft.  These sporadic instances of overzealousness have been replaces 
with more objective terminology. 
 
D.  CCRA has been globally changed to Dosimetry-Based Cumulative Risk 
Assessment (DBCRA). 
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